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Understanding the evolution of volatiles on Mars requires understanding 
the processes which are currently acting to cause exchange between the various 
reservoirs on annual and longer timescales. On the seasonal timescale, 
exchange of water can occur between the atmosphere and reservoirs of ice in 
the polar caps and of adsorbed water in the near-surface regolith covering the 
remainder of the planet. This exchange is driven by the seasonally-varying 
insolation and its consequent effects on the surface and subsurface 
temperatures and on the advance and retreat of the predominantly-C02 polar 
caps. On a longer timescale, exchange can occur between these same reservoirs. 
and is driven by the changing annual insolation patterns which result from the 
1 0:~-year timescale variations in Mars' orbital elements (predominantly the 
orbital obliquity) . Observations of the seasonal water cycle and its variations 
from year to year from the Viking spacecraft and from Earth provide clues as to 
the importance of the various reservoirs and provide boundary conditions 
against which models of the various processes can be compared. 
The water vapor co~tent of the Mars atmosphere was measured from the 
Viking Orbiter Mars Atmospheric Water Detectors (MAWD) for a period of more 
than one Martian year, from June, 1976, through April. 1979, and the results are 
presented here. The data reduction incorporates spatial and seasonal 
variations in surface pressure, and supplements earlier published versions of 
less-complete data . Column abundances vary between zero and about 100 
precipitable microns (pr p.m), depending on location and season, while the 
entire global abundance varies seasonally between an equivalent of about 1 and 
2 km3 of ice. The first appearance of vapor at non-polar latitudes as northern 
summer approaches, and the drop in abundance at mid-latitudes as summer 
ends, both strongly imply the existence of a seasonal reservoir for water within 
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the regolith. There appear to be no net annual sources away from the poles 
that contribute significant amounts of water. However, the strong annual 
gradient of vapor from north to south implies a net annual fiow of vapor toward 
the south; this southward fiow may be balanced in part by a northward fiow 
during the global dust storms, by transport in the form of clouds or adsorbed 
onto dust grains, or during other years . The perennially-cold nature of the 
south-polar residual cap, along with the relatively large summertime vapor 
abundances over the cap, implies a net annual condensation of vapor onto the 
cap. Estimates are made of the southward transport, and are consistent with 
the movement of ice being important in the formation and evolution of the 
polar layered terrain, and with the formation of the individual layers at the rate 
of one per obliquity cycle (105 years) . 
The global distribution of the annual average abundance of vapor is 
found to correlate well with Martian topography, as might be expected for a 
uniform constant atmospheric mixing ratio . If this topographic effect is divided 
out, the resulting residual map correlates with maps of surface albedo and 
thermal inertia; this correlation may be related to the control exerted by the 
surface and subsurface temperatures on the adsorption/ desorption process 
and on the atmospheric temperature profile and, hence, the vapor holding 
capacity of the atmosphere. 
The vertical distribution of vapor within the atmosphere is inferred 
through comparison of the observed water vapor abundances with 
measurements of atmospheric temperatures. In order to not saturate, the 
vapor must be confined to the lowermost 1 to 3 scale heights ("' 10-30 km) , with 
this height varying with location and season. Near-surface water vapor can 
condense out overnight and form a morning fog; estimates of the optical 
thickness of the resulting fog are made, and they agree well with observations of 
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diurnal variations of opacity due to fog formation . 
Previous Earth-based near-infrared observations are re-interpreted here; 
they show that water ice condenses out onto the seasonal polar caps, but not 
during midday near the equator. Earth-based observations of the vapor column 
abundance are compared with the Viking MAWD results, and indicate that the 
seasonal cycle shows a remarkable repeatability, except during 1969 when large 
vapor abundances were present during southern summer. This difference is 
explained by postulating that all of the C02 had sublimed off of the south 
residual cap that year, exposing the underlying water cap which would 
subsequently sublime and produce large amounts of atmospheric vapor ; the 
rate and amount of C02 sublimation may depend on the degree of dust storm 
activity each year and hence on the different thermal loads placed on the cap. 
The possible processes for producing seasonal changes in the 
atmospheric vapor abundances have been modeled in order to infer the relative 
importance of each process in the seasonal cycle. The equilibrium between 
water vapor and water adsorbed onto the regolith grains is sufficiently 
temperature-dependent t_hat seasonal surface temperature variations are 
capable of driving a large exchange of water between the atmosphere and 
subsurface. For the likely range of regolith properties, this exchange is found to 
be from 10-150% of the observed seasonal change in atmospheric abundance; 
the differences between this exchange and the observed behavior result from 
transport of vapor due to the atmospheric circulation. Due to the latitudinal 
gradient of atmospheric vapor, there will also be a gradient of adsorbed water, 
with the south regolith containing much less water than that in the north; this 
gradient in the regolith will result independent of the vapor diffusivity in the 
regolith, as the near-surface water will be able to equilibrate on some timescale. 
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Models have been constructed which include regolith exchange, polar cap 
formation, and atmospheric transport. Comparison of the model results with 
the vapor observations and with other data regarding the physical nature of the 
surface allows constraints to be placed on the relative importance of each 
process. The models are capable of satisfactorily explaining the gross features 
of the observed behavior using plausible values for the regolith and atmosphere 
mixing terms. In the region between the polar caps, the regolith contributes as 
much water to the seasonal cycle of vapor as does transport in from the more-
poleward regions, to within a factor of two. Globally, 10-50% of the seasonal 
cycle of vapor results from exchange of water with the regolith, about 40% 
results from the behavior of the residual caps, and the remainder is due to 
exchange of water with the seasonal caps. It is difficult to determine the relative 
importance of the processes more precisely than this because both regolith and 
polar cap exchange of water act in the same direction, producing the largest 
vapor abundance during the local summer. The system is ultimately regulated 
on the seasonal timescale by the polar caps, as the time to reach equilibrium 
between the atmosphere and regolith or between the polar atmosphere and the 
global atmosphere is much longer than the time for the polar caps to 
equilibrate with the local atmosphere. This same behavior will bold for longer 
timescales , with the polar caps being in equilibrium with the insolation as it 
changes on the obliquity timescale, and the atmosphere and regolith fo llowing 
along. 
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A key question regarding the evolution of volatiles on Mars centers about 
the behavior of its water. Although estimates indicate that enough water has 
been outgassed from the interior to form a layer o! liquid between several tens 
and several hundreds o! meters deep (e.g .. Pollack and Yung, 1980), only an 
equivalent of less than several meters can be directly accounted for in the polar 
caps and atmosphere today, with most of that being in the caps. The presence 
of large channels on Mars implies that climatic conditions were different and 
that liquid water tlowed at some time in the past, as the liquid is not stable 
under present conditions (e.g., Sharp and Malin, 1975) . Long-term climatic 
change is thus implied, along with reversible or irre:versible exchange of water 
between various locations. The nature of the polar laminated terrain also 
argues !or exchange of water, with the individual layers being formed by 
intermixed deposits of dust and water ice (see Pollack, 1979, for a recent 
discussion). The important questions then revolve around understanding how 
much water has outgassed over the age of the planet, and its evolution since 
then regarding exchange of water between various reservoirs on all timescales . 
Direct examination of the amounts of water held in various reservoirs 
and possibly released or exchanged during the 1015 year timescale variations of 
the orbital obliquity (Ward, 1979) is not possible. Purely theoretical models of 
the long-term behavior (e.g., Teen et al.. 1980) predict large amounts of volatiles 
exchanged, although tremendous uncertainties arise from a lack of knowledge 
of some of the relevant shorter-term behavior. One can, however, attack the 
problem by observing the changes in the amounts of atmospheric vapor during 
a single Martian year and infer from them the existence and accessibility of 
various sources and sinks of water on that shorter timescale. These results 
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would provide an important guide to predicting the long-term behavior of water. 
Observations of Martian atmospheric water vapor were first made by 
Spinrad et al. (1963), who observed a column abundance of ...., 15 pr JJ..m; this 
amount is significant in that it indicates that the Martian atmosphere may be 
near saturation at some places. Since then, water vapor has been observed over 
a timespan of about two decades by Earth-based observers (see Barker, 1976, 
for a synthesis of these observations) and by the Mariner 9 IRIS experiment 
(Conrath et al., 1973). It wasn't until the observations by the Viking Mars 
Atmospheric Water Detector (MAWD) instrument (Farmer et al., 1976, 1977; 
Farmer and Doms, 1979; and others) that the large spatial and seasonal 
variability of Martian water which occurs was realized. Discussion has centered 
on how the atmospheric amounts vary with local time of day (Barker, 1976; 
Flasar and Goody, 1976; see, however, Farmer et al. , 1977, and Davies, 1979a), 
latitude and season (Barker, 1976; Farmer and Doms, 1979; Davies, 1981). From 
these and other observations, inferences have been made regarding the 
amounts and the global distribution of water, in the form of liquid water 
(Ingersoll, 1970; Farmer, 1976; Brass, 1980), water of hydration (Pimental et al., 
1974; Houck et al., 1973; .. Clark, 1978), permafrost (Fanale, 1976; Carr and 
Schaber, 1977; Farmer and Doms, 1979), and adsorbed water (Anderson et al., 
1967, 1978; Pollack et al., 1970; Fanale and Cannon, 1974; Flasar and Goody, 
1976). 
To date, few attempts have been made to estimate the amounts of water 
in each of these phases that may exchange seasonally with the atmosphere. 
That some exchange does occur is evidenced by the appearance of large 
amounts of water vapor over the warm north polar cap during summer (Farmer 
et al., 1976) and by the seasonal variation of the: total amount of vapor present 
in the entire atmosphere (Farmer and Doms, 1979) . Once the seasonal cycle of 
-
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exchange is understood, analysis can be extended to the longer timescale of the 
changing orbital elements. Discussion at that time will center on exchange of 
water between the two polar caps (driven by the cyclical heating and cooling of 
the two caps, each one out of phase with the other) and on the long-term 
response of the regolith. The understanding of these long-term exchanges will 
in time yield an understanding of the variability of Martian climate, the total 
amount of volatiles which may have been outgassed, and the formation of 
various geologic features (including the polar layered terrain, channels and 
valleys, and possibly rampart craters). 
In the present work, the seasonal cycle of water vapor in the Mars 
atmosphere will be discussed. Analysis will consist of two main parts: First, 
presentation, analysis, and synthesis of observations of the seasonal cycle of 
water vapor, including implications for the seasonal exchange of water between 
various seasonally-accessible reservoirs . Second, modeling of the possible 
processes which may be controlling the water cycle, and a discussion of the 
contributions of each possible process and reservoir to the entire global and 
seasonal cycle. The candidate processes for controlling the seasonal behavior of 
water include: buffering of the atmospheric water by a surface or subsurface 
reservoir of ground ice (Farmer and Doms, 1979; Davies, 1981), physically 
adsorbed water (Anderson et al., 1967, 1978; Pollack et al., 1970; Fanale and 
Cannon, 1974), or chemically-bound water (Clark. 1978); supply of water from 
the residual or seasonal north polar ice cap (see Davies et al., 1977; Davies, 
1981 ); redistribution of the vapor resulting from atmospheric circulation; and 
control of the vapor holding-capacity of the atmosphere by the local 
atmospheric temperatures (see Davies , 1979b). All of these processes are 
probably important at some locations o.nd on some timescales. 
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The most complete information regarding the seasonal and spatial 
variability of water vapor over the course of a Mars year comes from 
observations of water vapor made by the Viking MAWD experiment, presented in 
complete form for the first time in Chapter II.A. Observations extended over 
nearly the entire planet for longer than a Mars year, and provided less-complete 
coverage for an additional year. Analysis of these data, also in Chapter II.A. 
allows inferences to be made about the possible seasonal sources and sinks for 
water vapor and the relative importance of some of the processes which may be 
responsible for the variations. The completeness of the data allows a 
quantitative comparison between the vapor abundance and various global 
properties which may exert some control over the vapor; these properties are 
the local topography, and the thermal inertia and albedo of the surface. 
Previous analysis of the water vapor data has concentrated on presentation of 
the data itself (Farmer et al., 1977). Farmer and Doms (1979) do discuss the 
implications of the observations for possible equilibrium of atmospheric vapor 
with subsurface permafrost or ice, but are only able to delimit those locations 
where ice may be present. The analysis here extends the work of Farmer and 
Doms in terms of more-detailed comparisons and possible alternative 
viewpoints . 
By examining the relationship between the water vapor abundances and 
the observed atmospheric temperatures, information can be gained about the 
vertical distribution of the vapor and the degree of saturation of the 
atmosphere (Chapter II.B) . This section builds on the work of Hess ( 1976), who 
used models of the atmospheric temperatures to constrain where the water 
could be without saturating and forming clouds; the models erred in not 
including the radiative effects of airborne dust, so yielded temperatures which 
were too low. Davies (1979b) compared the observed vapor abundances with 
.... 
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temperatures obtained by radio occultation. but suffered from a lack of good 
coverage in space and time. ln this section, thermal observations from Viking 
provide excellent spatial and temporal coverage. Useful comparisons can then 
be made and results obtained regarding the vertical distribution of vapor and 
possible saturation of the atmosphere at night at the surface and at high 
altitudes . 
Comparison of the observations of vapor made by the Viking MAWD with 
those made by Earth-based observers allows the time-base of information to be 
extended to nearly two decades , and provides information regarding the year-to-
year variability of the water cycle (Chapter II.C) . This analysis makes use of 
previously published Earth-based observations (Barker, 1976) along with 
unpublished data obtained ~ore recently (E. Barker, personal communication, 
1981), and provides the basis for conclusions to be drawn regarding the 
behavior of water vapor over the course of a halt dozen Mars years . Additionally, 
Earth-based observations of the near-infrared reflectance of Mars have been 
previously interpreted in terms of the possibility of water ice being present on 
the surface or incorporated into the polar caps; these observations are 
discussed and critically reviewed in Chapter U.D. 
All of the above observations can serve as boundary conditions or 
constraints for numerical models of the processes which may be controlling the 
water cycle. Some simple (and not so simple) models of these processes are 
constructed and presented in Chapter III. The processes explicitly considered 
include seasonal exchange with a subsurface reservoir of adsorbed water. 
exchange with the seasonal and residual polar caps, and transport in the vapor 
state resulting from the atmospheric circulation. Seasone!:l exchange with a 
regolith reservoir of sorbed water has been previously suggested by Anderson et 
al. (1 967, 1978) , Pollack et al. (1970), and Fanale and Cannon (1974) based on 
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experimental measurements of the sorptive properties of candidate surface 
materials; exchange with the polar caps has been discussed by Leovy (1973) 
based on the circulation of the atmosphere, and by Farmer et al. (1976) based 
on observations of polar water vapor; only Leovy (1973) and Leighton and 
Murray (1966) have considered transport of water vapor through the 
atmosphere in any detail . While the physics of the adsorption/desorption 
process is included directly into the models, the transport through the 
atmosphere is taken to be diffusive and exchange of water with the polar caps is 
parameterized and governed by the surface temperatures. The possible 
processes which are not considered are transport of water through the 
atmosphere in the form of clouds or sorbed onto airborne dust, exchange with 
subsurface ice deposits (except as the discussion of adsorbed water indicates 
that ice will form when all of the adsorption sites are filled), or transport 
horizontally through the regolith. Results of the several models will allow an 
understanding as to how each of the processes may affect the water cycle and as 
to the possible suite of physical properties of the atmosphere and surface. 
Coupled models are constructed, which contain all of the processes acting in 
parallel, and allow discussion of the relative importance of each of the processes 
to the entire water vapor cycle and of the ability of each possible reservoir for 
water to exchange seasonally with the atmosphere. It will be seen that the basic 
processes considered here can readily account for the observed global and 
seasonal behavior of the water. Some of the implications for longer timescale 
behavior will also be addressed. 
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The final chapter contains a summary of the discussion and conclusions 
regarding the seasonal water cycle. Additionally, ideas are presented for 
possible future modeling, analysis, and observations (both Earth-based and 
from spacecraft) that will serve to further illuminate the nature of the Mars 
atmospheric water vapor cycle and climate. 
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Chapter II 
Observations of the Seasonal Cycle of Water on Mars 
The seasonal and global cycle of water on Mars has been observed by 
many techniques over the last thirty years. Detection of atmospheric vapor was 
first made spectroscopically by Spinrad et al. ( 1963). Subsequently, data were 
obtained from Earth covering the entire range of Martian seasons (e.g ., Barker, 
1976). Vapor abundances were measured and mapped from experiments aboard 
the Mariner 9 and Viking spacecraft, respectively (e.g., Conrath et al., 1973; 
Farmer and Doms, 1979; and others) . In the latter, relatively complete coverage 
was obtained both spatially and temporally. Near-infrared spectral 
measurements have also been made, both from spacecraft (Pimentel et al., 
1974) and from Earth (e .g., Moroz, 1964; McCord et al., 1982), and have been 
interpreted in terms of the presence of water frost on the surface. 
All of these observations serve to place constraints on the annual cycle 
of water on Mars and on the possible exchange between the various seasonal 
reservoirs . In this chapter, the various observations will be discussed, and 
implications for the seasonal reservoirs inferred. In Section A, data regarding 
atmospheric vapor, obtained from the Viking orbiter MAWD experiment, are 
presented, covering the complete seasonal cycle at most locations on the planet, 
and interpreted in terms of the seasonal cycle. Some of the implications 
regarding the vertical distribution of the vapor and its possible saturation at 
some locations and seasons are discussed in Section B. The year-to-year 
variations in the seasonal cycle are seen in Section C, in which comparison of 
the Viking data with earlier Mariner 9 and Earth-based observations is made. In 
Section D. previous near-infrared spectral measurements are reviewed. along 
With their possible interpretation regarding water ice . 
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While detailed numerical modeling ot the various processes responsible 
for the seasonal cycle must play an important role in the analysis , discussion in 
this chapter is limited to the observations and what can be deduced from them 
directly. Models of some of the processes , and implications regarding the 
relative importance ot seasonal exchange ot water between the regolith, 
atmosphere, and polar caps, will be discussed in Chapter 111. 
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IJ.A. Viking MAWD Observations of Atmospheric Vapor 
1. lntroduction 
Observations of the column abundance of atmospheric water vapor, 
made from the Viking orbiters, extend over a time period greater than a Martian 
year and provide nearly global coverage of Mars for much of that time. These 
data provide valuable boundary conditions against which various models of the 
seasonal cycle can be compared. lnferences can also be made directly from the 
observations regarding the possible importance of those processes which may be 
controlling the vapor behavior on a seasonal basis . The possible processes 
include buffering of the atmospheric vapor by reservoirs of water in the regolith, 
supply of water from the polar caps, transport of water due to the atmospheric 
circulation, and control by the capacity of the atmosphere for holding vapor. 
The MAWD instrument is described briefly in the next section of this 
chapter, along with details of the data reduction techniques and the possible 
errors and uncertainties in the data. The section following contains the basic 
results of column abundance of vapor as a function of location and season. 
Although Farmer et al. (1977) , Farmer and Doms (1979), and Davies (1981) 
discussed earlier reductions of various subsets of this data, the entire global 
data set is discussed here, incorporating for the first time both spatial and 
seasonal variations in atmospheric pressure. The analysis of the data presented 
here goes beyond that in earlier papers by making quantitative arguments 
regarding the implications for seasonal storage of water, and by presenting new 
ideas concerning the seasonal and spatial behavior of the vapor. The seasonal 
behavior of water vapor over the Viking landing sites and over the classical 
feature Solis Lacus is also discussed. 
ln the fourth section, the water vapor distributions are compared with 
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the distribution of properties which might be exerting control on the water: the 
surface topography and the albedo and thermal inertia of the surface. 
Regardless of which of the above-mentioned mechanisms dominates the 
seasonal water cycle, the surface properties are expected to play a role; the 
reasons are discussed in this section along with the data comparisons. 
12 
2. Data Reduction Technique 
The Viking Orbiter MAWD instruments are retlectance spectrometers 
observing in five channels at wavelengths of about 1.38 J,Lm (see Farmer and La 
Porte, 1972. and Farmer et al .. 1977. for a detailed discussion of the instrument 
and observations) . Operating in this spectral region, the results do not depend 
on the atmospheric temperature extant, except insofar as it affects the shapes 
of the water absorption bands. Three of the channels are centered on water 
vapor absorption lines while the other two are located in adjacent continuum 
regions. Ideally, the use of three vapor channels should allow a unique 
determination of the vapor column abundance and of the effective pressure and 
temperature of the region in the atmosphere in which the vapor resides. In 
practice, however, the noise in the observations does not allow a sensitive 
determination of P and T and these values are input in order to derive the 
vapor abundance. A temperature of 200 K is used universally. Using the Curtis-
Godson approximation and assuming uniform vertical mixing of the vapor, a 
value of one-half the local surface atmospheric pressure is used for the effective 
pressure of line formation; this takes into account the effects of the spatial 
variation of topography (U.S. Geological Survey, 1976) and the seasonal 
variation of surface pressure (Hess et al., 1979). Although dynamical 
phenomena will affect the surface pressure (e.g ., Leovy and Mintz, 1969; Conrath 
et a l., 1973) , this effect will be relatively small and is ignored. If the vapor is not 
distributed uniformly vertically then the pressure used in the calculations 
differs from the actual effective pressure, and the derived water abundances will 
be in error. The conclusions reached in the present analysis will not be affected 
by this because the relative abundances would not change significantly (see 
below) . 
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Atmospheric dust will modify the observed column abundances because 
dust will scatter some of the incident sunlight, such that the observed radiation 
will not have sampled the entire column of atmosphere equally (Farmer et al., 
1977: Davies, 1979a). This will result in observed vapor abundances which are 
less than the actual column abundances . Davies' (1979a) empirical model of 
scattering by airborne dust predicts that a normal extinction opacity of 0.5 will 
result in derived vapor abundances about 10% less than actual for an 
observational airmass of 3 (the observational airmass is 1/cos(emission 
angle) + 1/cos(incidence angle)), with a lesser effect at lower airmass. An 
opacity ot 1.0 would only reduce the observed vapor abundance by about 20%. 
For about half of the Martian year, the opacity at the Viking landing sites is less 
than 0.5, and it is seldom greater than 1.0 except during the global dust storms 
(Pollack et al., 1979). It is found that the distribution of observing geometries is 
such that the derived vapor abundances are essentially unaffected by dust as 
long as both the incidence and emission angles are separately restricted to 
values less than 60°, except during the global dust storms (Farmer et al., 1977: 
Farmer and Doms, 1979) . Systematic effects may occur for observations at high 
latitudes, where 1arger observing angles may have affected some of the vapor 
determinations. 
During southern summer, local dust clouds of limited extent and high 
opacity (1 >> 1) are observed even when there is no simultaneous global storm 
(Briggs et al., 1979: Peterfreund and Kieffer, 1979). Only a small number of such 
events were observed, each one only several hundred kilometers in size, such 
that they will be unimportant with respect to the global or zonally-averaged 
vapor observations. They will, however, affect the observations of specific 
regions , yielding observed vapor abundances less than the amount actually 
present. Except for the local storms associated with the retreating polar cap 
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boundary, those storms which were observed occur almost exclusively during 
the time period near perihelion, when the global dust storms occurred 
(Peterfreund and Kieffer, 1979) . AB will be discussed in the next section, water 
vapor data from this time period are largely not used in the subsequent analysis 
in order to avoid the effects of dust. Additionally, the locations of the local dust 
storms do not have storms at all times, as can be seen in the thermal mapping 
data of the region; even at the location of the widely-discussed Solis Planum 
storm (Briggs et al. , 1979; Peterfreund and Kieffer, 1979) a storm is not present 
at all times during the southern summer and more often than not does not have 
a local dust cloud present during other times of year (A.R. Peterfreund, personal 
communication, 1982) . 
In the data presented here, no correction has been made for opacity. 
Thus, the water abundances will represent lower limits during the dusty time 
periods. Jncidence and emission angles are restricted to values less than 60°, as 
already discussed. The local time of day has been restricted to values between 
1000 hrs and 1600 hrs in order to reduce the effects of either diurnal variation 
of vapor or morning or afternoon fogs or clouds. This is done despite the 
·. 
absence of significant observable diurnal variation (Farmer et al., 1977; Davies, 
1979a) or ubiquitous morning or afternoon clouds (Briggs et al. , 1977). The 
time of day constraint is not centered about noon because of the expectation 
that morning fogs and clouds may be more significant than those in the 
afternoon. As in earlier presentations of the data, the Martian year is divided 
into twenty-four time periods, each one spanning 15° of L. (planetocentric 
longitude of the sun; L. = 0° at the time of the vernal equinox); the values of Ls 
corresponding to each period are given in Table 1. For each period map of water 
vapor column abundance, data are placed into spatial bins 10° in latitude by 10° 
in longitude. While higher spatial resolution is possible in some places and at 
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Table 1. L. Ranges of the Period Maps 


























some times, 10° bins provide for reasonably complete spatial coverage and for 
relatively low uncertainties in the water determinations. 
Possible errors and uncertainties in the water vapor column abundances 
in the period maps can result from several sources. The noise in the 
observations produces an estimated uncertainty of the water value in each bin 
of, typically, 5-10% of the value, depending in part on the number of 
observations falling within the bin. Spatial and temporal variability of 
abundance within a bin appears to be generally unimportant compared to the 
noise of the individual observations. A more subtle effect is that all of the 
spatial bins are not necessarily observed at the same time during the period, 
due to the nature of the Viking orbit and the observational sequences, possibly 
producing a striping effect or a gradation of water amount with longitude on the 
maps . That neither of these effects seems to occur implies that they are 
unimportant compared to the first-order spatial and seasonal variation of water 
vapor abundances. 
The largest uncertainty in the vapor determinations lies in the choice of 
the effective pressure of line formation, which is in turn dependent on the 
actual vertical distribution of vapor within the atmosphere. The absorption of 
solar radiation by water vapor is nonlinear in vapor abundance, pressure, and 
temperature (see Farmer et al., 1977, for examples of the curves of growth for 
each line), such that placing the effective height of line formation at the surface 
(instead of at the half-surface-pressure height, about 7 km altitude for an 
atmospheric scale-height of 10 km) can result in a lowering of the derived water 
abundance by as much as a factor of two. The effect is systematic, however, 
such that although absolute values of abundance would be affected, relative 
values would not be significantly changed. Our choice of the uniform-mixing 
assumption for determining the effective pressure is based on the lack of 
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evidence for water being concentrated nearer to the surface. Unless saturation 
of the vapor and condensation are occurring daily over a substantial portion of 
the atmospheric column, the vapor will be distributed nearly uniformly. In 
Chapter II.B, it will be seen that the vapor is in fact not uniformly distributed, 
except possibly within the lowermost 1 to 3 scale heights. The vertical range of 
this distribution varies as a function of both latitude and time, such that the 
vapor determinations here will have some unknown errors associated with them; 
for the water uniformly distributed within this range of 1 to 3 scale heights, 
however, the effective pressure will vary by only about 15%, resulting in a 
possible systematic uncertainty in the vapor abundance of less than 15%. 
It is the assumption of the effective pressure of line formation, along 
with including the seasonal change of atmospheric pressure, that causes the 
values of vapor abundance reported here to differ somewhat from those 
reported in earlier papers. In the work of Farmer et al. (1977) and Farmer and 
Doms ( 1979) the spatial (but not temporal) variability of surface pressure was 
taken into account in the choice of the effective pressure, and the water was 
assumed concentrated very near the surface. That is, the effective pressure was 
taken asP, = P 0 exp( -z /H), where P 0 is 6 mbar, z is the local surface elevation, 
and H is the assumed atmospheric scale height. In the presentation by Davies 
(1981) , a spatially- and temporally-constant effective pressure was used, and a 
correction factor was applied globally to attempt to correct for the effects of 
atmospheric dust opacity assuming that the opacity behaves everywhere with 
time like that observed at the Viking landing sites by Pollack et al. (1977, 1979) 
and that the vapor is uniformly mixed throughout the atmosphere. 
Finally, clouds will mask any water vapor beneath the cloud level. 
Optically-thick clouds are known to occur (Briggs et al ., 1977; Smith and Smith, 
1972; French et al., 1981 ).- Even optically-thin clouds can have a marked effect if 
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the vapor is beneath the cloud level. This etrect is systematic by always yielding 
water abundances less than the actual values, yet random in terms of its 
occurrence at specific locations or seasons (see, however, Smith and Smith, 
1972; and French et al., 1981) and cannot be readily dealt with quantitatively. 
Clouds do not in general dominate the atmospheric behavior, however, such that 
masking of vapor by clouds will not usually be important. 
19 
3. Global and Seasonal Vapor Behavior 
In this section, the observational results of atmospheric water vapor 
column abundance as a function of location and season on Mars are presented, 
some of the implications regarding the storage and release of water from 
seasonal reservoirs are addressed, and the seasonal behavior of water vapor 
over the polar caps , the Viking landing sites, and Solis Planum are discussed. 
a.. Gl.oba.l da.ta. set 
The temporal coverage of the MA WD observations is shown in Figure 1. In 
this work data from the first 35 periods, from L. = 85° up to almost L. = 245° 
during the second Martian year of observations, will be discussed (see Table 1. 
Figure 1) . The data for the first two periods and for periods 31 to 35 do not 
cover the entire planet; no data were taken during period 6, which corresponded 
to solar conjunction. Plate 1 (as presented in Jakosky and Farmer, 1982; 
hereafter referred to simply as Plate 1) shows color representations of the 
period water maps for periods 1 to 35 . In the discussion below of the details 
visible in the maps, reference will be made to Figures 2 and 3, which show the 
data in a zonally averaged sense. 
The two global dust storms of 1977 are evident in all three 
representations of the data. The storms began at L. ~ 205° and 274° (Pollack et 
al., 1979) , and can be seen as dramatic decreases in the apparent water 
abundance in periods 10 and 14, respectively (Farmer and Doms. 1979) . The 
first storm actually began during period 9 but is not completely evident until 
the following period. The decrease in observed vapor is much more marked in 
the second storm (Figure 2), consistent with the larger visual opacities observed 
by the Viking landers (Pollack et al. , 1979). Interestingly, the period 10 and 11 
















Figure 1: The temporal coverage obtained by the MAWD instrument. The 
times of the start of the dust storms are taken from Pollack et al. 
(1979) and Leovy (1981) . The times of occurrence of selected periods 
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Figure 3: The latitudinal behavior of vapor abundance at each period. 
The horizontal lines represent the base level for each plot, and the ticks 
along the ordinate represent 10 pr p,m each. The L. values 
corresponding to each period are listed in Table 1 and the L. value at the 
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albedo map of Palluconi and Kieffer (1981) (reproduced here in Figure 13a and 
b), while that of period 14, during the height of the second storm, bears little 
resemblance. Figure 4 shows a cross plot of the period 10 water abundance 
versus the local surface albedo, from which this correlation is evident. At this 
time, more water appears over the bright surface regions than over the dark 
regions . This is consistent with a larger fraction of the observed radiance 
having been retlected from the surface in the bright regions than in the dark 
and hence a deeper effective sampling of the atmosphere. That is, with some of 
the observed radiance having been retlected off of dust in the atmosphere, 
varying the surface albedo will change the fraction of the observed radiance 
which was retlected off of the surface and which has thereby sampled the entire 
atmospheric column. A simple model verifies that this effect will produce a 
correlation like that observed, with observed water vapor abundances over 
bright areas being 25% or more greater than over dark areas, assuming identical 
actual abundances and moderate opacities due to dust; this simple model is 
based on the Monte Carlo calculations by Davies (1979a), and includes the 
effects of light scattered off of airborne dust and light retlected off of the 
surface, with the partitioriing between the two being determined by the dust 
opacity and the surface albedo. 
The water maps prior to the two dust storms, periods 8 and 13, 
respectively, show little correlation with albedo, suggesting that dust effects do 
not dominate the water observations at these times, although they may be 
present. The lack of correlation of vapor with albedo prior to each dust storm 
also supports our assertion that the cause of the effect here is dust-related and 
not representative of the actual vapor distribution. The lack of such a 
correlation during the height of the second storm implies that very little of the 
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scattered back by the atmospheric dust) . Interestingly, the period 16 map, 
during the decay phase of the second dust storm, bears a similar resemblance 
to the albedo map, indicating that the dust amount has decayed sufficiently for 
the surface albedo to play a role in the light-scattering process. It is important 
to realize that when the atmosphere contains large amounts of dust, the 
observed fiux samples only the top part of the atmosphere; when there is no 
dust in the atmosphere, the entire column is sampled equally at all places. Only 
when there is a moderate amount of dust present is the column sampled deeper 
over bright than over dark regions, producing a correlation of water abundance 
with albedo. The average dust opacity during period 10 was about 2, while that 
during periods 14 and 16, during the second dust storm was greater than 3 and 
about 2.2, respectively (Pollack et al., 1979), consistent with these ideas. 
Additionally, it should be pointed out that, although this albedo effect can 
explain the observed correlation, spatial variations of atmospheric dust content 
are also capable of producing such a dependence. There is no reason, however, 
to expect the dust content to depend on surface albedo during the dust storms. 
By about period 19 (L5 ~=:~ 360°), the second dust storm has decayed sufficiently 
for the dust to no longer · play an important role in the measurement of the 
water abundances. 
Each hemisphere has its maximum of vapor abundance during the local 
summer (see Plate 1. Figures 2 and 3). The north polar latitudes have as much 
as 100 pr JJ-m of vapor at L5 ~=:~ 120°. More-equatorial regions peak later in the 
year and have less vapor at the peak; for instance, the band at +35° latitude 
peaks with about 30 pr J.Lm at L5 ~ 130°, while the peak at the equator (about 
18 pr JJ-m) occurs at La ~=:~ 180°. In the south, the maximum polar abundance is 
much less than in the north, being less than 15 pr J.Lm , and occurs at Ls ::::l 270° 
during southern summer. The actual peak southern abundance and the time at 
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which it occurs are di.ffi.cult to determine due to obscuration by the second 
global dust storm. 
There is a marked asymmetry during the year observed by Viking 
between vapor behavior in the northern hemisphere and that in the southern 
hemisphere, discussed earlier by Farmer and Doms ( 1979). The northern 
hemisphere maximum vapor abundances are nearly all greater than the 
maxima at the corresponding latitudes in the southern hemisphere. Although 
observations are less definitive, the same seems to hold true during local winter, 
with the north having more water at its minimum than does the south. This 
effect can be seen in Figures 5 and 6. Figure 5 again shows a zonally-averaged 
representation of the data and readily shows the difference between the two 
hemispheres. 
In Figure 6 the total global abundance of water as well as the total global 
abundance in each hemisphere is shown as a function of season. Again, the 
hemispherical asymmetry is readily observed. The total abundance is seen to 
vary with season by a factor of two, from an equivalent of about 1 km3 to 2 km3 
of ice . This variation is direct evidence for vapor being held in a seasonal 
reservoir rather than just being redistributed throughout the atmosphere with 
time. For comparison, Earth's atmosphere contains typically 13,000 km3 of 
water (Trenberth, 1981 ); this larger abundance causes the dynamics of the 
Earth's atmosphere to be driven in part by the energy tied up in the water cycle. 
The much smaller abundance in the Mars atmosphere causes the latent heat of 
the water which is present to be insignificant compared to the solar input, such 
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Figure 6 : The total global vapor content of the Martian atmosphere as a 
function of L • . The dashed and dotted lines represent the second year of 
observations at the same season: the shading illustrates graphically the 
ditJerences between the two years. Shown for comparison are curves of 
the regression of the north and south seasonal polar caps during t h e 
same years as the w.ater observations, drawn smoothly through the data 
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b. FJuid.rmce for seasonal reseruoirs 
It is important to identify the sources and sinks of the seasonal water 
and to determine whether the data can indicate them uniquely. One would 
expect that, in the absence of competing dynamical phenomena (see Section 4). 
the locations of discrete maxima in vapor abundance would coincide with local 
sources of vapor. Figure 5 shows that local maxima occur near the north pole 
at L. R:~ 120° and near -50° latitude at L. R:~ 265°. The north polar residual cap is 
known to consist of water ice at a temperature of about 205 K (Farmer et al., 
1976; Kieffer et al., 1976a). At this temperature, water can readily sublime and 
be carried away from the immediate vicinity of the cap, consistent with the 
region being a local source. In the southern hemisphere, the maximum at -50° 
latitude occurs nearly 90° of L. after the seasonal polar cap has receded south 
past this latitude (James et al., 1979; Figure 6) . Although there is considerable 
uncertainty in the location of this maximum, due to the absence of a strong 
gradient of water with latitude, it would seem to rule out water tied up in the 
seasonal cap as the predominant source. The vapor cannot come from the 
south residual cap, due both to its distance and to polar temperatures too cold 
to allow significant sublimation of water ice to occur (Kieffer, 1979). Thus, the 
source of the vapor is likely to be within the regolith. connected to the seasonal 
warming at this latitude. 
Consider also the increase of vapor abundance in the northern 
hemisphere as northern summer approaches. As water abundances increase at 
all latitudes the location of the peak vapor abundance should be indicative of 
the source region. If the receding polar cap is the source of the vapor, the peak 
should be in that region. It appears from Plate 1 and Figure 3 that the dust 
storm has dissipated by about period 19. At this time, observed vapor 
abundances in the south begin to drop after rising as the dust opacity decays ; 
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abundances in the north continue to rise (Figure 2). The rise in vapor following 
period 19, well after the dust storm has decayed, is seen at all observed latitudes 
north of +20°. The peak of abundance as the water rises lies within the region 
between +20° and +50° (Figure 3), while the edge of the receding polar cap is at 
about +70° latitude (see Figure 6). The location of this peak indicates that the 
source region of the initial part of the seasonal vapor increase must be within 
the regolith, at these mid-latitudes and away from the edge of the receding 
seasonal cap. Not until L. R:l 40° does this trend change, to indicate larger vapor 
abundances nearer the edge of the retreating cap. This behavior is in contrast 
with models of the seasonal behavior based on the assumption that the vapor 
varies only in response to the sublimation of the receding polar cap (e.g., Leovy, 
1973; Davies, 1981). A similar examination of the behavior in the southern 
hemisphere is hindered by the occurrence of the two dust storms as southern 
summer approaches; Davies and Wainio (198 1) do show, however, that at least 
some of the vapor in the southern hemisphere may be coming from the edge of 
the receding south polar seasonal cap. 
Additional results can be derived from the data regarding the seasonal 
sinks for atmospheric vapor. At the north pole, the water abundances are 
consistent with the vapor being in equilibrium with surface ice at the 
appropriate summertime temperatures (Farmer et al., 1976). Thus, as summer 
ends and the surface temperatures decrease, the water abundance undergoes a 
corresponding decrease . At lower latitudes, even as far south as +25°, similar 
behavior is observed -atmospheric vapor undergoes a significant decrease well 
before L. = 180° (Figure 2). Because the seasonal C02 cap does not begin to 
form at any latitude until almost L. = 180° (Paige, 1981; Kieffer et al., 1977), and 
because the daily temperature variations yield maximum temperatures more 
than sufficient to sublime any ice as long as the C02 cap is not there (T.Z. 
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Martin, 1981), the vapor must be going into a reservoir other than the seasonal 
cap. Rapid circulation could be returning vapor to the residual cap, although 
the pre-summer behavior makes it apparent that the residual cap is not the 
source of the bulk of the seasonal vapor (see previous section) . There is no 
corresponding rise of comparable magnitude in southern hemisphere vapor (see 
Figure 6), such that southward transport of the water is not important. This 
factor of two drop in the northern-hemisphere abundance as summer ends 
(Figure 6) may also be due to water vapor entering the regolith. as either 
subsurface adsorbed water or ground ice. 
The possibility exists that this decline in vapor is due to obscuration by 
the north polar hood. Historically, these clouds develop sometime between 
L. ~ 150° and 180°, and extend to as far south as +40° latitude (L.J. Martin, 
1975). However, Viking orbiter imaging observations show that a significant 
hood did not develop that year until nearly L8 = 180°, although the data are 
scant (P. James, personal communication, 1981). Also, Vlr2 data indicate that 
significant obscuration by the hood at that location (at +48° latitude) was 
sporadic. Lander-measured visual opacities show values of less than 0.4 through 
L. = 163° (Pollack et al., 1979); later measurements, up until the time that the 
first global dust storm begins, yield values as high as 1.4, but these are 
interpreted as precursors to the dust storms due to the occurrence of similar 
values at both sites (Pollack et al. , 1979). Tillman et al. ( 1979) discuss evidence 
for brief passage of the hood over the Vlr2 site at L. = 205°. The observations 
all point to occurrence of the hood late enough seasonally that the observed 
decline in vapor abundance cannot be due to obscuration by the hood. 
Additionally, the decline in vapor occurs as far south as +25° (Figure 2), much 
further south than the extent of the hood when fully developed. 
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Obscuration by dust also fails to account for the decline in observed 
vapor abundance. Again, the lander-measured opacities do not increase early 
enough to cause the drop. Also, vapor abundances do not decline further south 
than about +20° at this time, although there is likely atmospheric dust behavior 
in the south similar to that in the north. The increase in opacity observed after 
Ls = 163° must affect the water measurements; however, the decline in observed 
abundance during the first storm is sufficiently small with respect to the 
increase in opacity (about a 25% drop at most latitudes; see Figure 2) that it is 
unlikely that dust is the major cause of the lowered abundances prior to 
L. = 205°. 
The end-of-summer behavior of vapor in the southern hemisphere is 
again confounded by obscuration of the vapor during the global dust storms . 
Farmer and Doms (1979) pointed out that the seasonal drop in southern 
hemisphere vapor abundances coincided in time with the occurrence of the 
second global dust storm, with abundances after the storm being half of what 
they were prior to the storm while northern hemisphere abundances return to 
their prestorm values (Figure 6). They suggested that the southern water was 
carried north along with atmospheric dust (T.Z. Martin and Kiefier, 1979) and 
deposited on the northern winter cap. A simple and plausible alternative exists. 
The dust storm dissipated near the end of southern summer; at the 
corresponding northern season the northern vapor abundances had dropped by 
a large amount with the water likely entering the regolith, as discussed above. 
The possibility exists that, as in the north, the vapor re-entered the regolith as 
the winter approached, and that this action was simply masked by the presence 
of dust in the atmosphere. That is, had the dust storms not occurred, the vapor 
behavior might have been the same as it was, dropping to low values by 
La = 360°. The timing of the decline in southern vapor abundance is consistent 
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with the seasonal thermal behavior as discussed by Kiefier et al. ( 1977, appendix 
I) . That the southern vapor did not go north also readily explains why the 
northern hemisphere did not also lose vapor as a result of the dust storms, as 
would be expected if enhanced atmospheric mixing and consequent deposition 
at the north were the cause of the southern drop in abundance. 
c. The polar caps 
The behavior of water vapor over the north polar cap has been discussed 
by Farmer et al. (1976). The vapor content during the northern summer is 
consistent with a uniformly-mixed atmosphere saturated at the surface at a 
temperature of about 205 K. This temperature is consistent with radiative 
equilibrium between the surface and the solar irradiation using the measured 
surface albedo of the north residual cap ("" 0.43), and is also consistent with the 
observed surface temperatures (Kiefier et al., 1976a). These observations led to 
the conclusion that the residual north polar cap is water ice. 
The same type of analysis will not yield such a simple conclusion for the 
south pole, however. The peak summertime abundances over the south pole are 
approximately 13 pr J..J-m (see Figure 2). If the atmospheric vapor were saturated 
and in equilibrium with water ice at the surface and uniformly mixed 
throughout the atmosphere, the corresponding surface temperature would be 
about 193 K. This temperature could result if the surface thermal emission 
were in equilibrium with the insolation and if the surface albedo were 0.65. 
While this is close to the inferred albedo("" 0.64), the observed thermal emission 
is too low to be consistent with a kinetic temperature of 193 K (Kieffer, 1979; 
Paige, 1981). Instead, the 20 J..J-m brightness temperature varies between 160 K 
and 175 K and the total thermal emission yields a bolometric brightness 
temperature of about 172 K prior to the second dust storm (Paige, 1981); both 
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are consistent with emission from a surface near the C02 condensation 
temperature and transmission through a dusty atmosphere (Kieffer, 1979) . If 
this intepretation is correct, uniformly-mixed vapor would rapidly condense out 
of the atmosphere. 
An isothermal atmosphere saturated up to several scale heights would 
not be capable of holding as much water as is observed unless the temperature 
were greater than about 190 K. A temperature inversion over the pole is thus 
implied, and is consistent with the infrared and radio occultation measurements 
made concurrently by Viking (Kieffer, 1979; Linda! et al., 1979) and at a similar 
season by Mariner 9 (Conrath et al., 1973) (see also Davies and Wainio, 1981. for 
a discussion of the evidence for an inversion) . Thus, we expect that the vapor is 
present over the south pole due to advection in from elsewhere and that some of 
this vapor diffuses downward to condense onto the much-colder cap. The fact 
that the C02 on the cap does not disappear in summer (Kieffer, 1979; Paige, 
1981) does not rule out the presence of copious amounts of water ice . In fact, if 
the C02 ice does indeed survive the summer then the underlying water ice will 
not sublime at any season, and a net annual growth of the water ice component 
of the south cap will occur. 
It should be stressed that the above discussion applies only to the year 
that the cap was observed by Viking. As will be seen in Chapter II.C, the 
possibility of significant inter-annual variability in the water cycle exists. 
Observations of large vapor abundances during the southern summer season 
(Barker et al., 1970) indicate that all of the C02 on the south cap may sublime 
away in some years to expose the underlying water ice cap. 
d. Behaviar at specific sites 
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Several locations on the planet are of intrinsic interest due to the 
application of a variety of data sets from several sources. Here the seasonal 
behavior of atmospheric vapor over the two Viking landing sites and over the 
classical region Solis Lacus will be discussed. 
Over the VL-1 site, the vapor abundance goes from a minimum of 
perhaps 10 pr J.Lm (during mid-winter when masking of the water during the 
global dust storm occurs) to a maximum of nearly 30 pr J.Lm at L. ~ 150° 
(Figure 7a) . If the vapor were uniformly mixed with height at all times of day, 
this would imply a saturation temperature at the surface of between about 
190 K and 198 K. The surface temperature drops below these values each night 
throughout the year (Kieffer, 1976), so that one might expect daily condensation 
of near-surface vapor to be a possibility. Temperature inftections near the 
surface that are attributed to the frost point being reached are in fact observed 
(Ryan and Sharman, 1981 ), but the interpretation is ambiguous. Viking lander 
opacity measurements also indicate the existence of a thin early-morning fog 
(Pollack et a l., 1977, 1979). If nighttime condensation occurs, the optical 
thickness of the resulting fog may be estimated. Based on the atmospheric 
models of Pollack et al. (1 979) and the condensation temperatures obtained 
assuming uniform vertical mixing of the vapor, fog would be expected to form 
within the lowermost 100 m or so of the atmosphere. If there are 30 pr J.Lm of 
vapor distributed uniformily within the atmosphere, then 0.3 pr J.Lm will be 
within this condensable region. Condensation of this amount of vapor onto the 
dust grains already present in the atmosphere, with an effective particle size of 
2.5 J.Lm (Pollack et al. , 1979), would produce an opacity change of ..... 0.2. This 
value is remarkably close to the diurnal variation observed from the Viking 
landers and attributed to ground fog (Pollack et al., 1977) (see Chapter ll.B for 
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Shown also in Figure 7a is the history of vapor above a location at the 
same latitude as the Vlrl site but in the cratered terrain, as well as the average 
vapor behavior at that latitude. The cratered terrain shows a lower peak water 
abundance, consistent with its being at a higher elevation than the landing site. 
but otherwise shows little d.i.trerence. The observed variation of abundance with 
season at this latitude is a factor of several times greater than that predicted by 
the global model of Davies (1981) . The small variation in his model results from 
use of a very low coefficient for mixing between latitudes, required by him in 
order to fit the data, with most of the seasonal water variation resulting from a 
seasonal cycle of condensation and sublimation of local surface ice. 
The vapor abundance at the Vlr2 site varies from a low of less than 
5 pr p,m in winter to about 30 pr p,m in summer (Figure 7b) . Examining data 
with observing geometry that did not meet the earlier geometry criteria shows 
that the minimum is about 4 pr p,m during period 13 (L. ~ 270°), while the 
average at this latitude at this time is 7 pr p.m. If the vapor is uniformly-mixed 
vertically, the resulting surface frost point temperatures would be between 
185 K and 198 K. depending on season. Lander temperature inflections and 
.. 
diurnal opacity variations are both observed at the Vlr2 site (Ryan and 
Sharman, 1981; Pollack et al. , 1977) and seem to occur at about the same time 
of day as each other , again indicating that the atmosphere may be reaching the 
saturation point at night at the surface (Ryan and Sharman, 1981) . The site 
shows little significant difference from the other locations at that latitude. 
Condensate has been observed on the surface at the Vlr2 site (Jones et 
al., 1979) and has been interpreted as a mixture of C02 and H20 frost (Jones et 
al., 1979; Wall, 1981). The frost is present during the winter, appearing at 
L. ~ 243° and disappearing completely by L. ~ 16° (although most has 
disappeared by L. ~ 360°) . Comparison of the observed color with that 
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expected for frost overlying a surface suggests that the frost layer is between 
0.2 and 0.6 mm thick, or is greater than 0.5 mm thick if dust is incorporated 
into the frost (Clark, 1980). Because a large fraction of the surface at the Vlr2 
site is covered with frost , sublimation of this amount of water ice would produce 
between 100 and 500 pr JJ.m of atmospheric vapor locally. However, the annual 
behavior of vapor shown in Figure 2 indicates that there is no large increase in 
atmospheric vapor abundance at this latitude until well after all of the VL-2 
frost has disappeared. In fact , the entire hemisphere shows no increase until 
after this time also (Figure 6). Additionally, most of the seasonal decline in 
vapor occurs about soa of L. prior to the first appearance of the frost . This 
timing indicates that the condensate cannot be a significant reservoir for the 
seasonal water. The timing is also not consistent with this location being a 
reservoir for southern hemisphere water which might be carried north during 
the dust storms, due to its first appearance between the two dust storms, prior 
to the observed decline in southern vapor. There are several arguments against 
the condensate being C02 , dealing with the thermal balance of the surface (see 
Jones et al., 1979). The timing of the frost's occurrence is more consistent, 
however, with that expectea for C02 (Kietier et al., 1977, appendix I) than for 
H20. Based on the timing of the occurrence and the amount present, either the 
condensate is C02 ice with little H20 mixed in; the VL-2 site is a special location 
and only a very small part of the planet has similar deposits at these seasons; or 
the estimates of the amount of water contained within the deposits are much 
greater than the amount actually present. Nevertheless, the amount of water 
ice contained within this frost deposit, and within like deposits elsewhere at the 
seasons discussed, must be negligible in comparison with the global seasonal 
budget of water vapor. 
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The region in the vicinity of the classical region Solis Lacus (located in 
Solis Planum, at about -25° latitude, 90° longitude) has generated much 
discussion recently as a candidate site for the injection of large amounts of 
water vapor into the atmosphere from a subsurface reservoir (e.g. McCord et al. , 
1977; Huguenin and Clifford, 1981; Huguenin, 1979, 1980) or for the possible 
presence of near-surface liquid water (Zisk and Mouginis-Mark, 1980). The Solis 
Lacus region appears in Plate 1 to be identical to its surroundings in terms of 
the water vapor behavior. In Figure 7c, it is seen to be not significantly different 
from the average behavior at that latitude. If as much water is being injected 
yearly into the atmosphere as is estimated by Huguenin (1980), greater than 
10.% of the atmospheric water content of the entire planet, the region would 
show anomalously high vapor content. Continuity of the gradient of vapor 
across this latitude (see the next section) makes it clear that there can be no 
source of vapor from this latitude strip that is significant with respect to the 
global water budget. If vapor were being injected into the atmosphere only at 
the times of the dust storms, it might not appear in the MAWD data at that time 
due to the discreteness of the observations and to the simultaneous masking by 
dust. It appears from Figures 2 and 5, however, that there are no detectable 
increases in local or global vapor abundance at that time, at -25° or at any other 
latitude. Therefore, any vapor so injected must be negligible with respect to the 
global water budget or must be removed from the atmosphere prior to the 
decay of the dust storms. The minimum amount of vapor required by Huguenin 
( 1979) to produce the bright rings observed by McCord et al. ( 1977) around the 
early phases of the dust storms is, of course, a completely negligible amount 
with respect to the global budget. It is even small compared to the column 
abundance of vapor present above Solis Lacus at that t i.me. This bright ring, if 
real and not an observational artifact, can instead be readily understood as 
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arising from condensation of the water vapor already present in the atmosphere 
as a result of the active convection associated with the dust storm. 
47 
4 . Annual-Average Water Vapor Distribution 
a . Annual-average map 
The seasonal water vapor behavior is expected to depend in part on the 
physical properties of the surface because of the control exerted by these 
properties on the subsurface, surface, and atmospheric temperatures and 
thereby on the water holding capacity of both the subsurface and atmosphere. 
The circulation of the atmosphere is not uniform with respect to longitude (e.g., 
Pollack et al.. 1981), however, so that perturbations due to mass motions will in 
some sense be superimposed on any correlations of water vapor with surface 
properties. 
One should not initially expect any of the period maps shown in Plate 1 
to resemble maps of surface properties, due to the difference in seasonal 
behavior of water vapor between the northern and southern hemispheres. The 
resemblance between the period 10 map and the albedo map , discussed earlier, 
is an exception to this due to the presence of significant quantities of 
atmospheric dust. The period maps have therefore been combined in order to 
yield a measure of the annual average column abundance of water vapor at each 
point (Figure 8a) and to allow some first-order comparisons. The averaging 
scheme, shown in Figure 9, was devised in order that the times of year when 
significant dust was present would not be included yet equal time periods would 
still receive equal weighting in the final average. Because the period maps are 
equally-spaced in L. rather than time, averaging obtains not a true "time-
average" of behavior, but instead a "season-average" behavior. This averaging 
scheme must be building a bias into the results because the vapor behavior is 
not completely symmetric in time and all periods are not included equally. The 
salient features to be discussed below, however, would likely be apparent in any 























































































































































Figure 9: Averaging scheme for producing the annual average water 
vapor abundance map (Figure Ba). Converging lines indicate periods 
which were averaged together , with the resulting map subsequently being 
averaged with other resulting maps, as shown. Periods 9 to 11 and 14 to 
18 are not included in the averaging due to the obscuration of vapor by 
atmospheric dust at these times. By averaging in this way, one can 
largely eliminate any bias that would otherwise result due to lack of 
coverage in some locations at some seasons. 
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The most striking feature in the annual-average map (Figure Ba) is, 
again, the strong asymmetry between abundances in the two hemispheres . The 
northern hemisphere has typically twice as much vapor as the sout hern. This 
latitudinal gradient is seen most dramatically in Figure 1 Oa, which shows th e 
average abundance as a function of latitude. The near-polar abundances have 
been corrected (open circles) to account for the lack of polar-nighttime 
observations by assuming zero vapor abundance during the polar night. 
If account is taken of the uncertainties in the derived vapor abundances, 
the abundance is essentially monotonically decreasing from north to south. 
Because the behavior is monotonic and smooth. there are no significant net 
annual sources or sinks of vapor at any latitude except the poles. Because the 
circulation of the atmosphere will generally act to lessen the vapor abundance 
gradients present, at least in the absence of other concurrent processes , this 
implies a net annual flow of vapor toward the south (see below for further 
discussion of this point) . 
b. Comparison with topography 
Interestingly, the annual average vapor abundance shows a strong 
correlation with the surface topography (compare Figure Ba with Figure 11 ). 
The lowest place in the southern hemisphere. Hellas Basin (located at -45° 
latitude, 290° longitude). has the largest average vapor abundance, and in fact 
has almost twice as much vapor at its peak as does any other location at that 
latitude. Argyre Basin ( -55°, 40°) also has more vapor than do most places at 
that latitude, but is not nearly as prominent in Figure Ba as is Hellas . The 
Tharsis Plateau region (centered at about 0°, 105°) appears as a relative low in 
vapor abundance. The Elysium region (centered at 30°, 2 10°) is also a 
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Figure 10: a) Latitudinal behavior of the annual average vapor 
abundance. The x's represent the one-sigma variation at each latitude 
rather than errors. The near-polar data have been corrected (open 
circles) for lack of observations during the polar night by assuming zero 
abundance at that time . b) Latitudinal behavior of the annual average 
vapor abundance/ai_rmass . 
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topographic high and appears as a low-vapor region. While the vapor abundance 
in Alba Patera (45°, 110°) is low it appears on the maps as a relatively subdued 
region in comparison with other topographic highs . Figure 12 shows a scatter 
plot of the year-average abundance versus the local airmass (here, airmass is 
given by exp(-z/ H) , where z is the local surface height above the geoid and H 
is the scale height of the atmosphere, taken to be 10 km everywhere) . There is a 
strong correlation between the vapor abundance and airmass. Although there 
are many counter-examples to this trend, as exemplified by the deviations from 
a perfect one-to-one correspondence in Figure 12, the overall trend is striking. 
One can imagine several types of global vapor distributions that would result in 
distinctive behavior when plotted versus airmass as in Figure 12. These are 
listed in Table 2 and discussed below: 
(i) If the surface vapor concentration (in molecules/cm3 ) averaged over 
a year were everywhere the same, and the vapor were uniformly mixed vertically, 
then the average column abundance would be the same everywhere and Figure 
Ba would appear bland. 
(ii) If the mixing ra~io were, instead, a simple function only of altitude 
above the local surface, a slight correlation with airmass would result due to the 
assumption of uniform mixing applied in the reduction of the data; even for the 
most-extreme cases, however, this correlation would not be significant with 
respect to the scatter in the data. 
(iii) If, averaged over a year, the vapor mixing ratio were the same 
everywhere in the atmosphere, then the average column abundance would be a 
linear function of the airmass at the surface. The data in Figure 12 would then 
fall along a straight line through the origin. 
(iv) If the mixing ratio were a simple function of altitude above the geoid, 
60 
Table 2. Possible Annual-Average Distribution of Vapor. 
What is Seen on a Map of 
Distribution Water Water I Airmass 
NNrf = constant 
HH2o = Hco2 uniform 








o = fn (altitude) Monotonically- correlated with air-
increasing function mass 
of airmass 
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Figure 12: Cross-plot or the annual average vapor abundance (Figure Ba) 
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the water abundance would be a monotonically increasing function of the 
airmass . 
These cases are summarized in Table 2 . 
The data indicate that one of these last two possibilities occurs. 
Dividing the average water abundance by the airmass allows one to decide 
between them. Figure Bb shows a map of the annual average abundance (Figure 
Ba) divided point-by-point by the airmass (Figure 11). It is in fact not uniform 
but still correlates positively with airmass (see Table 3) . A possible explanation 
that can easily be tested is whether the correlation seen in Figure 12 is 
fortuitous , resulting from the strong north-to-south gradient of water being 
superimposed upon the strong north-to-south gradient of topography (see 
Figure 11). In fact, this seems not to be the case uniquely. The correlation 
occurs not only when the global data set is examined but also when the data for 
the individual latitude bands are examined. As an example, the Tharsis plateau 
is the highest region on the planet and has less water than most places at that 
latitude, while Hellas Planitia is the lowest place in the southern hemisphere and 
has more water than any place at that latitude. Additionally, the highest places 
in the southern hemisphere, in the cratered terrain and south of Tharsis , have 
the least water amounts in that hemisphere. Further south both the airmass 
and the water abundance increase. 
Although the cause has yet to be determined, one can conclude that an 
important affect on the Martian water abundance is the relative height of the 
surface. The scatter in the data precludes an accurate determination of an 
"average scale-height" of the water vapor by reading ofi the slope of the best-fit 
line through the data. In fact, the scatter also prevents such a concept from 
being uniformly applicable over the whole of the planet. 
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Table 3. Correlation Coefficients Obtained in Comparing 
Various Data Sets. 
Latitude Range of Comparison 
Data Sets -60° to +60° -20° to +30° 
year-avg. water, airmass 
year-avg. water I airmass, airmass -0.444 
year-avg. water, thermal inertia 0 .017 -0.271 
year-avg. water, albedo 0 .429 0.553 
year-avg. water I airmass. inertia -0 .297 -0.657 
year-avg. water I airmass, albedo 0.556 0.658 
thermal inertia, airmass 0.466 0.434 
albedo, airmass 0 .097 -0.076 
thermal inertia, albedo -0 .621 -0.713 
1Latitude range -80° to +70°. 
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c. Latitudinal gradi2nt and net transport of water 
Even after dividing by the airmass there is a hemispherical asymmetry of 
water. with the northern abundances generally being larger (Figure lOb) . On the 
average, the north still has over 50.% more water than the south. This 
asymmetry is seen also in Figure 8b by comparing the average abundances over 
Hellas and Argyre with the abundances over places in the northern hemisphere 
that have similar surface elevations (about -2 to -4 and 2 to 3 km. respectively) . 
Vapor over Hellas averages about 14-18 pr J.Lm, while Argyre has about 8-
10 pr J.Lm. At places of similar heights in the north there are about 16-22 pr J.Lm 
and 14-16 pr J.Lm, respectively (Figure 8a) . This same asymmetry obtains when 
comparing the higher southern elevations with like elevations in the north. 
In the absence of other major processes, the annual average gradient of 
water vapor will result in the transport of water toward the south on a net 
annual basis. This results because diffusive flow and mixing will both tend to 
reduce atmospheric gradients of water. There are examples where transport of 
species can be up-gradient rather than down-gradient, but these have 
complications that do not apply here. Water vapor in the Earth's tropic regions 
can travel up-gradient. for example. but this results because vertical mixing 
causes cooling and saturation of water higher up in the atmosphere, with 
consequent rain and near-surface concentration of the water ; the circulation 
pattern then moves water in one direction down low with no return fiow in the 
other direction up high. On Mars, the vapor is likely to be mixed much more 
uniformly vertically, even given the slight near-surface concentration of vapor 
discussed in Chapter II.B. such that transport will tend to be down-gradient. 
There are other Earthly examples of non-down-gradient fiow, such as ozone or 
volcanic dust in the stratosphere, but these also involve complications not 
present in the Mars water system. 
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Therefore, the latitudinal gradient of water (Figure 10 a and b) will result 
in a net annual transport of water toward the south. This southward fiow may 
be balanced to some degree by transport of vapor north during the global dust 
storms, or in the form of condensates or in other years. Global mixing of the 
atmosphere is enhanced during the storms (Haberle et al., 1980), but the 
distribution of atmospheric vapor is sufficiently uniform with respect to latitude 
at this time (Figure 3) that it is unlikely that mixing would significantly 
redistribute the vapor except by promoting condensation of a small amount of 
water onto the cold polar caps. Certainly, vapor which condenses onto the south 
polar cap as a result of southward fiow cannot return north under any 
conditions as long as the presence of C02 ice at the pole keeps the temperatures 
depressed and allows no sublimation of water ice. In the model by Davies (1981). 
no net southward fiow results due to the implicit assumption that fiow south 
down the gradient is balanced each year by fiow north during the season of the 
global dust storms. 
An upper limit to the amount of water transported toward the south in a 
year may be obtained by assuming that none of the vapor sublimed off of the 
north polar cap in the summer returns in the winter, and that all of the 
increase in vapor abundance in the northern hemisphere after L. = 80° is due to 
vapor released from the north residual polar cap. L. = 80° is chosen because 
this is when the seasonal covering of C02 ice in the north completely disappears 
(Paige, 1981) . From Figure 6, this increase is equivalent to about 4 x 1014 g H20 . 
In 105 years, the approximate time period during which the obliquity of Mars' 
orbit cycles ·from minimum to maximum and back to a minimum (Ward, 1979), 
this southward transport would remove a layer of water ice about 140m thick 
from the north polar cap. The actual amount of water transported will be lower 
than this because not all of the water sublimed is lost from the cap (some will 
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return at the end of summer) , not all of the vapor increase at this season is 
necessarily due to the subliming polar cap, and because tlow toward the south 
may be mitigated in part by mechanisms not explicitly considered here. 
Interestingly, the thickness of the layers in the polar laminated terrain, thought 
to form one per obliquity cycle, have individual thicknesses of about 30 m (Cutts 
et al., 1979), a value which is of the same order as our upper limit estimate. 
Thus, although transport of dust is a key element in the formation of the polar 
laminated terrain (e.g., Pollack et al., 1979; Pollack, 1979; Cutts et al., 1979), 
transport of water from pole to pole is likely to play a major role and must not 
be ignored. 
d. Comparison with surface thermophysical properties 
Irrespective of the precise mechanisms which are controlling the 
seasonal behavior of atmospheric vapor, it is likely that the thermophysical 
properties of the surface will play a role in determining that behavior. This is 
because of their control on the diurnal and annual surface and subsurface 
variations in temperature and consequent control of the amounts of water that 
both the atmosphere and s~bsurface are capable of holding. Both the thermal 
inertia (I) and the bolometric albedo (A) of the surface have been mapped over 
a large fraction of the surf ace of Mars by Palluconi and Kieffer ( 1981). For 
comparison purposes, the resolution of these maps has been degraded to 10c in 
latitude and longitude from the original 2c; contour maps made from the 1 oc 
binning are shown in Figure 13. The thermal inertia controls the diurnal 
variation of surface temperatures as well as the depth beneath the surface to 
which thermal energy can penetrate in a fixed time. The variations in inertia 
are controlled primarily by variations in the effective particle size of the surface 
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71 
surface and hence controls the average value of the surface temperature. For a 
more detailed discussion of these properties, see Kieffer et al. ( 1977), Jakosky 
(1979), Palluconi and Kieffer ( 1981), or Jakosky and Muhleman (1981) . 
Comparison of the water vapor abundances, both from the period maps 
(Plate 1) and the annual average maps (Figure 8), with the inertia and albedo 
maps reveals some interesting relationships . With the exception of the dusty 
time periods, as discussed earlier, the period maps show no unique trend with 
respect to either of these properties. There also is very little correlation of the 
year-average water amounts with thermal inertia (see Table 3) . The albedo 
seems to correlate better, but the dominant trend is by far that of the year-
average water with airmass. 
Dividing the year-average abundance by airmass takes out the largest 
part of this correlation. The resulting map of year-average water vapor 
abundance I airmass (hereafter, YAW I AM) appears remarkably like the albedo 
and inertia maps (compare Figure Bb with Figures 13a and b). Quantitatively, 
the degree of correlation can be seen in Table 3 and in Figures 14 and 15, which 
are cross-plots of YAW /AM versus thermal inertia and albedo, respectively. For 
simplicity, only data from the equatorial region (latitudes -20° to +30°) are 
shown in these figures . The global correlation for albedo is very similar to that 
of this equatorial region while that for inertia is not nearly as good, as seen in 
Table 3. Table 3 also shows that the correlation of annual-average vapor 
abundance with airmass is the best of any correlations examined, and that the 
correlations seen in Figures 14 and 15 are secondary to this. 
One can test whether the correlation of YAW I AM 'Yiith albedo and inertia 
is coincidental, arising as a result of dividing by airmass and building in any 
existing correlation of I or A with airmass. Figure 16 shows the correlation of 
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Figure 14: Cross-plot or annual average vapor abundance/airmass 
versus thermal inertia. 
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Figure 15: Cross-plot of annual average vapor abundance/airmass 
versus albedo. 
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Figure 16: Cross-plot of the surface thermal inertia versus local airmass, 
including data between -20° and +30° latitude. 
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inertia with airmass, and Table 3 gives the correlation coefficients for both 
inertia and albedo. Although there is a correlation, with the lowest places on the 
planet having the highest inertias, and vice versa , the trend is by no means 
simple or unique (Jakosky, 1979; Palluconi and Kieffer, 1981). The correlation is 
dominated by the occurrence of two populations, one at low and one at high 
inertias , with elevation being a small affect within each population and between 
populations. The overall correlation is not as strong as in Figures 14 and 15, 
and the magnitude of any resulting built-in bias is not important. 
The possibility exists that the dust present in the atmosphere even far 
away in time from the dust storms could produce this type of behavior, as it did 
for the period 10 water map during the dust storm. Compare the correlation of 
water vapor with albedo for the period 10 map (Figure 4) and for the YAW 1 AM 
map (Figure 15) . In the former, going from low to high albedos corresponds to a 
change in observed water abundance from about 6 to 9 pr J.Lm; in the latter, the 
water changes from about 10 to 18 pr J.Lm. The fractional change is larger for 
the YAW /AM map . For this map, however, dusty time periods were explicitly 
excluded, and the dust opacity was typically a factor of five or more smaller 
. . 
than it was during period 10 (see Pollack et al.. 1979). It is estimated that if 
dust were producing this effect in the YAW I AM map, the largest part of the 
reftected energy would be coming from the atmosphere rather than the surface 
throughout most of the year; this is inconsistent with the low extinction 
opacities and strongly forward-scattering behavior of the atmosphere away from 
the dust storm periods (Pollack et al., 1977, 1979). Based on a simple model of 
light scattering from the surface and atmosphere, an atmospheric-dust-caused 
trend with albedo will, for opacities typical of the non-dust storm periods, be 
several times smaller than is observed. While variations in dust opac1ty related 
to albedo or thermal inertia may also produce these observed correlations, it is 
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unlikely that the variation would be large enough to produce this trend; a factor 
of two change in vapor abundance would require opacities to be significantly 
greater than one over the dark areas for much of the year. While variations in 
opacity from region to region are inferred from thermal infrared observations 
(Christensen, 1982), the magnitude of the opacities and the variations is not 
large enough to produce the effect. 
Thus, the correlations shown in Figures 14 and 15 are real and the 
atmospheric vapor abundances are affected by the surface thermophysical 
properties. This behavior can be understood qualitatively as resulting from one 
of several possible mechanisms, including control of the vapor abundances by 
interaction with the regolith or by the saturation state of the atmosphere. 
It interaction with the regolith is important in the seasonal water cycle, 
as suggested in the previous section, surface thermal inertia will play a key role 
in the process. A larger thermal inertia will allow a deeper part of the regolith 
to undergo diurnal temperature cycling, and will result in the diurnal variation 
at the surface being smaller. Both effects can affect the adsorption and diffusive 
transport of vapor due to the temperature dependence of these processes. Also, 
low-inertia surfaces will usually be composed of smaller particles (see Figure 11 
of Kieffer et al ., 1973), which will act as a greater reservoir for adsorbed water 
due to the larger available surface area and will at the same time inhibit vapor 
diffusion due to the smaller pore space size. It inter-particle bonding (e.g., 
Kieffer, 1976) is important, however, high-inertia surfaces may instead have 
smaller pore spaces and thus act to inhibit diffusion. Both the thermal inertia 
and the albedo exert control on the average temperature of the surface and 
subsurface. Due to the anti-correlation of albedo with inertia (Kieffer et al.. 
1977; see also Table 3), the effect~: add and result in low J-Wgh A surfaces being 
as much as 18 K cooler on the average over a diurnal cycle than high /-low A 
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surfaces (Jakosky and Muhleman, 1980) . As the processes of adsorption and 
desorption in the regolith are highly non-linear with temperature (Fanale and 
Cannon, 1974), these effects can be expected to play an important role. 
Finally, the water vapor content of the atmosphere may to a degree be 
controlled by the saturation state of the atmosphere, as suggested by Davies 
(1979b) . In this case, the atmospheric temperatures would determine the 
amount of vapor present if the vapor saturates during the coldest part of the 
day. The atmospheric temperatures are controlled predominantly by radiative 
processes, including absorption of both incoming solar radiation and emitted 
surface thermal radiation (Gierasch and Goody, 1972: Pollack et a l., 1979) , but 
atmospheric dynamics plays a role also (Pollack et al., 1979). The amount of 
absorbed sunlight will be albedo-dependent in the presence of a dusty 
atmosphere due to absorption of sunlight reflected off the surface. Due to the 
above-mentioned role of albedo and inertia in determining the surface 
temperatures and hence the emitted thermal energy, atmospheric absorption of 
thermal energy will also depend on these properties . 
The above discussion of the effects of the thermophysical properties is 
not intended to be categorical. but rather to show the plausibility of a 
dependence of atmospheric vapor on the physical properties of the surface. 
Detailed modeling of each of the possible processes mentioned is complicated by 
the uncertainty in our understanding of the detailed structure of the surface 
and subsurface and by the large number of physical possibilities . 
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II.B. The Saturation State and Vertical Distribution of Water 
Vapor in the Mars Atmosphere 
1. Introduction 
Knowledge of the vertical distribution of water vapor and of temperature 
within the Mars atmosphere allows information to be obtained regarding the 
degree of saturation as a function of height. These are important inputs into 
analysis regarding the location and abundance of water in clouds or fogs, the 
transport of water due to the atmospheric circulation, the exchange of water 
with the regolith on diurnal or seasonal timescales, and even possible surface 
chemistry and biology. 
The vertical distribution of vapor has been inferred by several means . 
Farmer (1976) pointed out that the effective temperature of formation of the 
water vapor absorption lines as determined by earth-based observers is higher 
than the mass-weighted atmospheric temperature (225 K as compared to 204 
K), implying that the vapor is concentrated nearer to the surface. Analysis of 
MAWD spectra by Farmer ·. and Doms (1979), however, indicates an effective 
temperature of 195-200 K ± 10, implying a more-uniform mixing. Davies 
(1979a) modeled the effect of masking of vapor due to reflection of sunlight off 
of atmospheric dust and found that the vapor is distributed with height about 
the same as the dust, which is itself nearly uniformly distributed (Pollack et al., 
1977; Kahn et al., 1981), although both of these results may be off by as much as 
50%. 
Possible vertical distributions can also be examined by comparing the 
known vapor column abundances with observed or modeled temperatures and 
looking for regions of possible saturation. Davies (1979b) compared observed 
column vapor abundances with radio-occultation-derived temperature profiles . 
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His results indicate that the bulk atmosphere is not near saturation at any time 
except over the polar caps. During the day over much of the planet, the 
atmosphere can hold orders of magnitude more water than is present; even at 
night it can hold more water than is seen. 
Based on models of the temperature structure obtained by Gierasch and 
Goody (1968), Hess (1976) concluded that if the vapor were distributed 
uniformly it would saturate very low in the atmosphere, and that the vapor 
must therefore be confined to within the lowermost scale height (about 10 km). 
This effect can be seen in Figure 17, which shows possible temperature profiles 
as predicted by the model of Pollack et al. ( 1979) for two values of the 
atmospheric opacity. Also shown are vapor saturation temperature curves for 
various column vapor abundances (using the Got!-Gratch formulation for the 
saturation vapor pressure over ice, contained in List, 1951), assuming uniform 
vertical distribution. Hess (1976) in essence compared the vapor abundances 
with the 'T = 0 profile. In this case, the atmosphere would saturate below 10 km 
for even as little as about 6 pr J.Lm of atmospheric vapor distributed uniformly 
vertically; the observed values of about 30 pr J.Lm would require that the vapor 
be predominantly below about 7 km. The presence of atmospheric dust raises 
the temperatures at all altitudes due to absorption of both solar and emitted 
thermal radiation. For the 'T = 1 case shown in Figure 17, the temperatures are 
all high enough that saturation would not occur below 30 km. The observed 
amounts of vapor could then be distributed nearly uniformly with height. 
Actual values of the opacity are typically 0.5 (Pollack et al., 1977, 1979). 
As can also be seen in Figure 17, the near-surface temperatures undergo 
large diurnal variations, regardless of the atmospheric opacity. Thus, if the 
vapor were mixed uniformly, it is possible that the near-surface vapor would 















































































































































































































































































































































































































the amount of vapor present as well as its vertical distribution, and on the 
temperatures which the lower atmosphere would attain at night. Widespread 
morning fogs and hazes have been reported by many observers (e.g., Slipher, 
1962: Smith and Smith, 1972: Carr et al., 1976: Briggs et al., 1977: Soderblom et 
al., 1978) . Diurnal opacity variations have been seen at the Viking landing sites 
and are attributed to fog formation (Pollack et al., 1977, 1979), and possible 
saturation of the lower atmosphere and consequent fog formation has also been 
reported (Ryan and Sharman, 1981) . 
In the following sections, the column vapor abundances observed by 
Viking are compared with atmospheric temperatures as observed by both Viking 
and Mariner 9. This will allow discussion regarding the vertical distribution of 
the vapor and possible saturation at the top and bottom of the atmosphere. 
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2. The Vertical Distribution of Vapor 
It the column vapor abundances could be compared with simultaneous 
information regarding the atmospheric temperatures, the possible vertical 
distributions could be deduced. Unfortunately, only the atmospheric 
temperatures at about 25 km elevation were measured by Viking (e.g., Martinet 
al. , 1979; Martin, 1981). While useful comparisons can still be made (see below) , 
their utility is limited due to the poorly known variation of temperature with 
height. 
The Mariner 9 IRIS experiment did obtain temperatures as a function of 
both location and height during 1971-1972 (e.g., Hanel et al., 1972; Conrath et 
al., 1973); these can be compared to the 1976-1978 Viking observations of water 
vapor. Such a comparison is likely to be valid because the Mars atmosphere is 
nearly in radiative-convective equilibrium (Goody and Belton, 1967; Gierasch and 
Goody, 1968), such that the structure would be expected to repeat from year to 
year except for the time periods of the global dust storms and except when 
different amounts of dust may be present in the atmosphere. Figure 18 shows 
the temperature structure as inferred from Mariner 9 data for the period 
L. = 43° to 54° in 1972 (presented by Pollack et al.. 1981) . This time period is 
well after the complete decay of the global dust storms during both years 
(Conrath, 1975; Pollack et al., 1979), when the dust abundance in the 
atmosphere has decayed to its background (lowest observed) level. The 
minimum daily temperature at the 25 k:m level, as ooserved in 1978 by the 
Viking IRTM (see Martin, 198 1), in fact agrees quite well with the IRIS 
temperatures . Also shown in Figure 18 are contours of the saturation 
temperature, obtained assuming that the observed vapor (Ls = 35° to 50°) is 
distributed in height uniformly. Were the vapor to actually be uniformly mixed, 
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Figure 18: Atmospheric structure observed by Mariner 9, L. = 43 to 54°. 
The light dashes indicate the observed temperature structure, and are 
taken from Pollack et al. (1961). The solid lines are the interred vapor 
saturation temperatures .. (see text) . Above the heavy-dashed line, 
temperatures are lower than the saturation value and vapor would 
condense; the vapor must therefore be generally confined to beneath 
this level. 
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temperature was less than or equal to the condensation temperature. This 
region of possible condensation is marked in Figure 18 by the heavy dashed line, 
above which saturation would occur. This is not to say that saturation actually 
does occur, but rather that the vapor present must be confined to the region 
below the line in order for saturation to not occur. The absence of ubiquitous 
optically-thick clouds at this season indicates this to be the case. Therefore , the 
vapor is contained within the lowermost scale height in the northern 
hemisphere. In the south, the region of confinement is higher, going up to as 
high as 30 km (about three scale heights) at -45° latitude. Again, these altitudes 
represent upper limits to the regions of vapor confinement, above which the 
vapor would saturate. Similar analysis at other seasons is hindered by the 
uncertainty in the temperature structure and in the relative atmospheric dust 
abundances during the decay of the global dust storms. 
The analysis can be extended to other seasons by using the Viking IRTM 
measurements of upper atmospheric temperature. Measurements of T 1:s are 
shown in Figure 17, as measured by the IRTM at the same latitude and season as 
the models shown in that figure (Kieffer et al., 1976b ). The bar represents both 
an uncertainty in the individual measurements of several degrees and a diurnal 
variation of about 10 K. The T1:s weighting function is very broad within the 
atmosphere and the measured brightness temperature corresponds to the 
actual temperature, for reasonable temperature profiles, at about the 
0 .63 mbar level, at an altitude of about 25 km (Kieffer et al., 1976b,c) . This 
serves to pin down the actual temperature profile and shows that saturation will 
occur at this altitude at night for a uniformly distributed vapor with column 
abundance of greater than 3 pr p.m. Because the abundance at this latitude 
( +20°) at this season is about 10 pr p,m the vapor must be predominantly below 
25km. 
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If the temperature lapse rate r at this altitude were known, a more 
precise determination of the maximum height of the vapor layer could be made. 
Estimates of r based on the emission angle dependence of Tu5 indicate values in 
the range 1.5 to 2 .0 K/km (Martin and Kieffer, 1979; T.Z. Martin, unpublished 
data, 1981). The uncertainties in these values are large, however, and the 
interpretation is ditficult due to the large vertical extent of the weighting 
functions. Examination of the radio occultation temperature profiles of Fjeldbo 
et al. (1977) and Linda! et al. (1979) also reveal lapse rates at these altitudes in 
the vicinity of 2 K/km (for those profiles away from the polar regions) . The 
value of 2.0 K/km is adopted here. Although r must be a function of season, 
location, and altitude, there is no accurate and complete information as to its 
variations. Applying this lapse rate to Tus in Figure 17 indicates that 10 pr J.Lm 
of vapor could be distributed uniformly up to a height of about 20 km. Above 
this height, vapor abundance must drop off sharply due to the temperature 
dependence of the saturation curve. 
This type of analysis is applied here to the latitudinal variation of vapor 
for six periods throughout the Martian year. The vapor abundances used are 
zonal averages binned lOa in latitude by 15a in L. as discussed in Chapter II.A. 
The T 115 values taken were the minimum diurnal values at each latitude, as 
presented by Martin (1981). The season used was that which overlapped most 
closely in time with the periods chosen from the water vapor data. T 115 values 
were averaged into lOa latitude bins from the original 2a bins of Martin (1981) 
for easier comparison with the vapor abundances. The value of T115 was taken to 
apply to the 0 .6 mbar level (at height z uJ, taking into account the seasonal 
variation of pressure (Hess et al., 1979) and the latitudinal variation of 
topography (U.S. Geological Survey, 1976), and assuming a constant bulk 
atmospheric scale height of 10 km. Atmospheric temperatures at other heights 
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were obtained from 
(1) 
where :z 11; is the height above the surface to which T 1:; corresponds. In the 
analysis which follows , it must be recalled that there is an uncertainty in the 
atmospheric temperature at a given height, which is proportionate to the 
departure from the "'25 km height to which T 15 applies, due to the uncertainty 
in r. 
Figure 19 shows the T 1:; values as a function of latitude at each season. 
Also shown are the saturation temperatures at :z 1:;. assuming that the observed 
vapor is distributed uniformly with height. Wherever the values coincide, 
uniformly distributed vapor would first saturate at :z 1:; . If T sat > T 15 , saturation 
would first occur at a lower level. If T 1:; > T sat· saturation would first occur at a 
higher level. The height to saturation (h) was determined in each case such 
that the vapor is distributed uniformly up to this height, with no vapor present 
above this height. The results are shown in Figure 20. 
Most often the height to saturation is in the range of 10 to 25 km. The 
values of 30 to 40 km which occur during period 13 (Ls ::::~ 267°) are a 
consequence of the high values of T15 which occur between the two global dust 
storms of 1977. and which presumably result from solar heating due to the 
presence of high-altitude dust at this time. The values of h near the poles are 
probably not dependable due to the likely inapplicability of the assumed lapse 
rate. At the south pole there must be a temperature inversion at L5 ~ 267°, as 
discussed earlier. At the north pole. the measured T15 and surface temperature 
would imply r ::::~ 1 K/km over the cap material (Kieffer et al.. 1976a) . Even away 
from the poles, values of h as low as 10 km may be significantly in error if the 
lapse rate is not exactly 2 K/km between about 25 km and 10 km. The sense of 
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Figure 19: Observed T1~ values and T.at at z 1~ corresponding to the 
observed vapor abundances , shown as a function of latitude at several 
seasons. The numbers in the upper right are the period numbers from 
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Figure 20: The height to saturation h as a function of latitude for the 
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h will be correct however, in that it must be much less than 25 km in those 
cases in order to explain the large temperature differences seen in Figure 19. 
There seems to be no unique trend of h with latitude. There is a trend 
with L • . with values in the northern hemisphere typically being lower during 
summer and higher during winter. This results from the fact that the vapor 
abundances are largest in the summer and the fact that the T 1:s values are 
largest in winter due to the presence of dust. It should be emphasized here that 
the results in Figures 18 to 20 show that the data are not consistent with 
uniform mixing of vapor. They are, however, consistent with uniform mixing up 
to a height h of between 10 and 30 km at which point saturation would occur. 
There is no general way to determine if the vapor is concentrated more toward 
the surface than this, however. The temperatures between this height and the 
surface are generally high enough that there is no difficulty with the 
atmosphere holding as much water vapor as is observed (see Figure 17) . 
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3. Early-Morning Ground Fogs 
The formation of a low-lying widespread ground fog may occur because 
the near-surface atmospheric temperatures undergo a large-amplitude diurnal 
variation, dropping below the local saturation temperature at night. This will 
result in the formation of a fog within the lowermost hundred meters or so of 
the atmosphere prior to dawn. Any condensate which settles out of the 
atmosphere and onto the surface will sublimate rapidly after sunrise and 
contribute to the morning fog as it contacts the cooler atmosphere (Hess, 1976) . 
The complete radiative transfer solution to the temperature profile would 
provide information as to the properties of this expected fog (e.g., Flasar and 
Goody, 1976), but the results would be very model dependent. A simpler 
approach is taken here which should provide some basic first-order results 
regarding fog formation. 
The amount of fog formed in the immediate vicinity of the surface is 
determined by knowing the temperature and the water vapor concentration 
within the lowest part of the atmosphere. The vapor concentration is obtained 
from the column abundance of vapor measured at a given location and season 
assuming uniform vertical distribution with a scale height of 10 km. Although 
the vapor may be concentrated in the lowest part of the atmosphere, as just 
discussed, the condensation temperature is not a sufficiently strong function of 
the vapor partial pressure to significantly change the results to be discussed. A 
factor of two change in surface vapor pressure corresponds to only about a 3 K 
change in the saturation temperature (see Figure 17). 
The atmospheric temperature near the surface just prior to dawn is 
taken to be equal to the surface temperature at that time. Viking lander 
meteorology measurements show this to be a valid assumption (Hess et al.. 
96 
1977). The predawn surface temperature is determined at any season and 
location using the values of thermal inertia and albedo derived from surface 
temperature information by Palluconi and Kieffer (1981) in conjunction with the 
thermal model of Kieffer et al. ( 1977). Because the inertia and albedo were 
determined simultaneously so as to match the observed infrared brightness 
temperature, the inverse process leads directly back to the temperatures. A 
kinetic temperature was obtained from the brightness temperature assuming a 
bolometric emissivity of 0 .97 (see, e .g., Christensen, 1982). 
The saturation pressure at the predawn temperature determines how 
much water can be present in the vapor state. Any remaining water is taken to 
be in the form of condensates in the atmosphere. Thus, the method used here 
determines a fog density near the surface. The total amount of fog present and 
the corresponding optical thickness that will obtain depend on the assumed or 
modeled change of temperature with height. 
Maps of the expected fog density are shown in Figure 21 for the same 
time periods as were discussed in the previous section. The maps were 
constructed from data pla~ed into bins 10° in latitude by 10° in longitude. The 
contours shown are in units of 10-10 g/cm5 (or 10-e pr J.Lffi/cm) of condensate in 
the atmosphere near the surface. The fog density is a function of both the 
minimum daily temperature and the column vapor abundance. The general 
trend appears to be for the fog density to be greatest in the summer when the 
vapor abundances are greatest and over regions of low thermal inertia, where 
temperatures are lowest. That more of the vapor present will condense out at 
night in the winter when the temperatures everywhere are lowest is tempered by 
the relative dearth of vapor at that season in each hemisphere . 






































































































































































condensing layer and on the size of the condensate particles formed. Based on 
the models shown in Figure 17, condensation might be expected to occur within 
approximately the lower 100 m of the atmosphere. Assuming that all of the 
vapor within this layer contributes to the fog, the optical depths are calculated 
as the condensate particle effective projected area/unit area: 
-r Rt 3m/2r (2) 
where m is the condensate mass in grams/cm2 and r is the particle radius in 
centimeters. Because the vapor would condense onto the airborne dust grains 
already present, the particle size would be nearly that of the dust, yielding an 
effective size of about 2.5 J.L1D. (Pollack et al., 1979). For 30 pr J.Lm of vapor, this 
results in a fog opacity of about 0.2 . Interestingly, Viking lander observations of 
diurnal opacity variations inferred to be due to overnight formation of fog yield 
a contribution to the total opacity from the fog of about 0.13 (Pollack et al. , 
1977). Although this near-agreement may be fortuitous, owing to the possible 
errors in the assumptions of particle size and fog layer thickness , it still 
presents an interesting correspondence. 
Ryan and Sharman: (1981) have discussed evidence in the Viking lander 
atmospheric temperature variations for passing through the frost point and 
forming a ground fog during the predawn hours as temperatures fall. They 
conclude that intlections in the curve of temperature versus local time of day 
are likely to be due to saturation and condensation near the surface. Of the 
events that they discuss, many of the temperatures at which the inflections 
occur are consistent with the total column abundances observed by the MAWD if 
uniform mixing of vapor is assumed . At least two of the events, however, have 
intlections at temperatures that would indicate saturation with one to two 
orders of magnitude less vapor than is observed. Whether this indicates a tlaw 
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in the intlection/saturation hypothesis or an increasing vapor abundance with 
height at that season cannot be readily determined. In either case, it points out 
an ambiguity in the interpretation of the lander temperature curves which must 
be considered when interpreting them in terms of the column vapor abundance. 
Based on Figure 21, the optical thickness of the fogs mapped might be 
expected to vary from zero to about 0.3 . This is not thick enough to drastically 
reduce the visibility of surface features when viewed normally, especially when 
compared with the dust contribution to the opacity of, typically, 0.5 (Pollack et 
al., 1979) . It can, however, explain the repeated observation of widespread 
morning haze at a variety of locations and seasons (Slipher, 1962; Smith and 
Smith, 1972; Carr et al., 1976; Briggs et al., 1977; Soderblom et al., 1978) . 
Due to the nature of the analysis, the fogs expected on the basis of 
Figure 21 are widespread, difiuse hazes. In the discussion by French et al. 
(198 1) of clouds observed by Viking, ditiuse hazes were ignored and only discrete 
fogs associated with topographic barriers were mapped. It is thus not clear 
what the relationship between the two should be. French et al. (1981) found 
discrete fogs most abundant in the southern hemisphere, opposite from the 
distribution expected on the basis of the water vapor distribution. They may 
have been atiected by an observational bias, however, related to the actual 
distribution of observed images on the planet. There seems to be no correlation 
between the location of the ditiuse fogs predicted here and the discrete fogs 
mapped by them. There is also no correlation between the occurrences mapped 
by French et al. and the distribution of vapor column abundance. Again, this is 
no surprise due to the differences in nature and resolution of the types of fogs 
discussed. The discrete fogs may be due to a localized enhancement of vapor, or 
to a localized variation of surface thermophysical properties on a scale smaller 
than the 10° bins used here and associated with the individual relief features in 
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which the fogs occur. It will be very interesting to compare the di.fiuse fogs 
predicted here with those diffuse fogs actually observed by the Viking orbiters 
(Kahn and Gierasch, 1982); differences between the two may yield information 
on boundary layer processes or on the actual vertical distribution of water 
vapor within the atmosphere. 
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4. Discussion 
Several interesting conclusions can be reached regarding the vertical 
distribution of vapor and the saturation state of Mars' atmosphere. The vertical 
eddy ditiusion coefficient in the lower atmosphere is of order 107 cm2 /s or 
greater. This result is based on observations of dust storm dissipation (and 
applies to the lower 30-50 km of the atmosphere; Conrath, 1975), photochemical 
modeling (20-50 km: Kong and McElroy, 1977), and atmospheric tidal theory (30-
80 km: Zurek, 1976). The lowermost 5-10 km is actively convecting each day 
(Gierasch and Goody, 1968, 1972; Pollack et al .. 1979) , so would have an effective 
value of the eddy diffusion coefficient at least this large. Thus , mixing of the 
atmosphere is rapid compared to the seasons and the vapor is likely to be 
uniformly mixed on a timescale of days throughout the atmosphere except 
where saturation would occur. The timescale for seasonal variation of the 
column vapor abundance is much longer than that for vertical mixing, such that 
addition or removal of vapor from the bottom of the atmosphere will not cause 
an enhancement or depletion of vapor at any altitude relative to uniform 
mixing. At some height h , the vapor abundance must drop off much more 
rapidly with height in order that the atmosphere not be supersaturated. This 
height to saturation h varies between about 10 and 30 km, depending on 
location and season. 
Flasar and Goody (1976) discussed the diurnal variation of water vapor 
within the atmosphere as caused by fog formation and daily exchange with the 
regolith. Because the atmosphere is stable, only vapor within the lowermost 
""' 1.5 km can make it to the surface each night. If the vapor is distributed, up to 
10-30 km, then only ...., 10-20% of the vapor, at most, can cycle daily into the 
regolith or as fog . 
103 
At the bottom of the atmosphere. the daily temperature variations will 
cause saturation to occur near the surface at night at most locations and most 
seasons. It the vapor is concentrated more toward the surlace than is indicated 
by the range of the height to saturation, then saturation temperatures are 
higher than assumed here and condensation will occur to a greater degree than 
discussed. It should be noted that, even at the extreme, the atmosphere is not 
at anytime saturated at all altitudes and is capable of holding much more vapor 
at all times of day (except possibly over the polar caps, where the situation is 
more complicated). This can also be seen in the calculation by Davies ( 1979b) of 
saturation vapor abundances using radio occultation temperature profiles . Of 
those predawn profiles analyzed, only those over the polar caps show saturation 
abundances near the observed abundance. The two predawn profiles not over 
the caps yield saturation abundances greater than twice the observed 
abundance, and the daytime non-polar profiles yield saturation abundances 
much greater than the observed abundance. Thus, the amount of vapor present 
must depend on the relative magnitudes of the sources and sinks for vapor on a 
daily and seasonal timescale and not simply on the vapor holding capacity of the 
atmosphere being filled at !l"ome particular time of day. 
Also, recall that the discussion of saturation at the base of the 
atmosphere centers on the minimum daily temperatures. Except near the poles 
and on the seasonal polar caps, the daily maximum of temperature is generally 
high enough to cause any surface or near-surface condensate which forms at 
night to completely sublime. In a sense, it is the maximum daily temperatures 
which control the amount of vapor that the atmosphere can hold. This is 
because evaporation of condensate is a very rapid process (Ingersoll, 1970; 
Farmer, 1976), and a reservoir of surface ice would fill the available vapor 
holding capacity of the atmosphere very rapidly. That such a reservoir does not 
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exist is seen by the relatively low vapor abundances which occur despite an 
atmosphere warm enough to hold much more vapor. 
Farmer (1976) has suggested that the daily cycle of condensation near 
the surface may cause vapor to be removed from the atmosphere into the 
regolith on a seasonal basis , accounting for the seasonal cycle. It is apparent, 
however, that the atmospheric water abundance cannot be controlled uniquely 
by the minimum temperature saturation abundance. In order for this 
mechanism to be effective, any condensed vapor must be partly removed from 
the system on a daily timescale. Burial of ice is not likely, because the aeolian 
deposition rates are too slow to bury any surface ice deep enough to allow it to 
survive a night (see Arvidson et al. , 1979). More likely is the diffusion of vapor 
through the porous regolith and the seasonal storage at some depth in the form 
of absorbed water or ground ice. Ice within the top meter of the regolith is 
stable at some seasons poleward of about ± 40° latitude (Leighton and Murray, 
1966; Fanale, 1976; Farmer and Doms, 1979), and diffusion to this depth through 
a non-adsorbing regolith is rapid. In an adsorbing regolith, the seasonal 
temperature variations cause changes in the equilibrium between vapor and 
adsorbed water, and are capable of driving a diffusive exchange of vapor with 
the atmosphere (see Chapter III) . In either case, the seasonal process is more 
complicated than condensation of vapor at night and the consequent loss of the 
vapor on a seasonal basis from the atmosphere. 
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II.C. Interannual Variability of the Seasonal Cycle 
1. Introduction 
The Viking MAWD observations of Mars have provided detailed 
information on the seasonal and spatial variability of atmospheric water vapor 
for almost 1* Martian years . Whether or not the observed behavior is 
characteristic of the typical or average behavior during the current epoch 
remains to be determined. Comparison of the seasonal cycle of water as 
observed during many different years should provide information on its 
variability from year to year, and aid in understanding the processes controlling 
the behavior. 
Some limited information about the interannual variation can be 
obtained by comparing the MAWD observations during the overlap of seasons in 
consecutive years (Chapter II.A; Zurek, 1982b); no significant differences are 
seen in the observed behavior. Additionally, observations of the vapor 
abundance made at some seasons by the Mariner 9 IRIS experiment can be 
discussed (Hanel et al. , 1972; Conrath et al., 1973; Kunde, 1973). The most 
detailed information regarding other years, both in terms of the seasons 
observed and the number of different Mars years covered, can be obtained from 
Earth-based observations of the vapor abundance. Successful Earth-based 
spectroscopic observations were first reported by Spinrad et al. (1963) . 
Subsequently, observations have been published by a wide variety of groups; 
these data have been summarized and synthesized by Barker (1976) . The time 
period from the first detection up through the Viking observations encompasses 
about seven distinct Mars years , and should allow significant information to be 
learned about any possible interannual variations in the vapor cycle . 
In the following sections, first the Mariner 9 and then the Earth-based 
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observations of the vapor cycle will be compared with the Viking data. 
Observations from Earth by E. Barker (personal communication, 1981), made 
simultaneously with the Viking measurements during 1976-1978, allow direct 
comparison to be made, thereby validating both of these techniques and 
allowing discussion and comparison of the earlier data. The comparisons 
between the various data sets are presented for the first time here and allow 
significant discussion of the observed year-to-year variations of the water cycle 
and its implications. 
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2. Mariner 9 Observations of Atmospheric Vapor 
Thermal infrared spectra between 10 and 50 J.Lm, obtained by the 
Mariner 9 IR1S experiment, have been used to determine the water vapor 
abundance of the Mars atmosphere (Hanel et al., 1972 : Kunde, 1973; Conrath et 
al. , 1973) . The observations were obtained between November, 1971, and July, 
1972, spanning a range in L~ from 293" to 60". Table 4 summarizes their results 
of vapor abundance over the north and south polar regions and over the sub-
solar latitude region. (The subsolar latitude varied during this time from about 
-23" at L. = 293" to 0" at L. = 0" to +22" at L. = 60".) Listed for comparison are 
the vapor abundances over the same latitudes at the same season as observed 
in 1977-1978 by the Viking MAWD. The MAWD results are taken from the period 
maps, as presented in Chapter I1 .A, for the closest relevant seasons. 
Direct comparison of the IR1S and MAWD results is hampered by the 
global dust storms which occurred during each year. The efiect of dust on the 
MAWD reflectance measurements is to mask from view the water vapor in the 
lower part of the atmosphere, causing the measured abundance to be less than 
the actual abundance (Da~es, 1979a). The values given in parentheses in Table 
4 are estimates of the actual column vapor abundance in the atmosphere, as 
would likely have been observed by the Viking MAWD in the absence of significant 
dust. IR1S measurements are less sensitive to the dust, due to the nature of the 
observational method, but are strongly dependent on knowledge of the 
atmospheric temperature profile . Even small errors in the temperatures can 
lead to large errors in the water vapor abundance. 
Basically, the sub-solar values agree with each other to within the 
uncertainties in the measurements. Small differences may be present, but there 
is no evidence for significant variability. The south polar summertime 
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Table 4. Comparison of Mariner 9 and Viking Observations 
of Mars Atmospheric Vapor. 
Vapor Abundance (pr J,Lm) from 
Location Ls M9• Viking •• 
South pole 297 10-20 B 
321 10-20 5 
North pole "'300 <B t 
60 20-30 16 
Subsolar latitudes 293 10-25 4 (10) 
314 10-20 5 (9) 
336 7-17 7 (B) 
"'5 7-17 9 
•From IRIS measurements , as reported by Hanel et al. (1972) , Kunde 
(1973), and Conrath et al. (1973) . 
••From the MAWD period maps , taking the closest relevant period. 
t'Not observed. 
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measurements, which will be seen to be of especial interest later, show no 
evidence of being significantly different between the two years. 
Observations were also made at the same seasons from the Russian 
Mars-3 spacecraft using reflectance measurements in the 1.38 p,m water vapor 
bands (Moroz and Ksanfomaliti, 1972). Their results indicate between 1 and 
3 pr p,m of water vapor over most of the planet (at L11 ~ 350°) , with less than 
1 pr p,m over the north polar cap. These abundances are significantly lower 
than those reported by other observers, both from spacecraft and ground-based 
data. 
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3. Earth-Based Observations of Atmospheric Vapor 
Earth-based determinations of the column abundance of water vapor in 
the Mars atmosphere are made by observing one of the water absorption bands 
at about 8200 A. Doppler-shifted due to a relative velocity between Earth and 
Mars and superimposed on the much larger absorption due to water in the 
Earth's atmosphere. The spectrometer slit can be oriented on Mars either 
parallel to the line between the poles and centered on the disk (pole-to-pole on 
the central meridian, or PPCM) or perpendicular to this line and at any latitude 
(parallel to the equator, or EQ). Observations to determine a time-of-day 
dependence of water vapor were also done (see Barker, 1976), but will not be 
discussed here. 
Data obtained between 1976 and 1978 (E. Barker, personal 
communication, 1981) can be compared directly with simultaneous 
measurements by Viking, in order to validate both techniques . This will allow us 
to examine earlier years of Earth-based observations with confidence, in order 
to look for interannual variations. In order to compare Barker's data with the 
Viking observations, the latter must be integrated spatially to reproduce the 
poorer spatial resolution of the former. This is done numerically, using data 
interpolated to the appropriate season from the seasonal period maps 
(described in Chapter II.A) . Spatial integration is done along a line oriented on 
the disk of Mars from limb to limb, approximating the Earth-based 
spectroscopic slit. At each point on this line, the vapor abundance wi is 
determined from a look-up table and the geometrical airmass a 1 is calculated 
using the appropriate Earth-sun-Mars geometry. The airmass in this case 
includes the paths travelled by a ray through the atmosphere from the sun to 
the surface and from the surface to the observer. The Earth-based equivalent 
vapor abundance is then obtained using 
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2:; Cl.fW\ 
w = -''="--L;Cl.i 
" 
(3) 
This makes the reasonable assumption that the absorption bands are not near 
saturation, such that the additive process is indeed linear, and ignores the 
different weighting of regions due to spatial variations in albedo. Any decrease 
in the apparent column abundance of vapor at high emission or incidence 
angles (see Davies, 1979a; Chapter Il.A) is ignored. This is done because only a 
very small fraction of the planet is observed sufficiently-obliquely to affect the 
result. 
Figure 22 shows the comparison between the Earth-based and the Viking 
observations of vapor abundance. Included are 78 separate observations of type 
EQ (parallel to the equator). The correlation coefficient between the two data 
sets is 0.64, and the linear regression line through the points has a slope of 1.15 
(as opposed to the expected value of unity). It is apparent that, except for a 
large degree of scatter in the data, the Earth-based and Viking measurements of 
atmospheric vapor agree. The question remains as to whether the scatter is due 
to uncertainties resulting ~rom the detection method or calibration of either 
instrument or to a rapid temporal variability of the amount of water vapor 
actually present in the Mars atmosphere. 
The Viking measurements have an uncertainty of about ± 5-10% (see 
Chapter II.A) . This estimate is based on the known signal-to-noise ratio of the 
detectors and on the number of points used in the time and space averaging 
technique (see Farmer and LaPorte, 1972). Examination of the data within 
some of the individual bins reveals a standard deviation similar to these 
estimates, indicating that any temporal or spatial variations within an individual 
bin (loa in both latitude and longitude and 15° in L,) were smaller than the 
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Figure 22: Earth-based observations of vapor by Barker plotted versus 
Viking MAWD observations made at the same time. The data were all 
obtained in 1976-1978, and were of the type EQ (slit oriented parallel to 
the equator). The best-fit straight line through the 78 data points has a 
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uncertainties in the measurements and that the noise estimates are indeed 
accurate. 
The stated uncertainties in the Earth-based observations are typically 
about 5-25% of the observed value (Barker, 1976, and personal communication, 
1981 ). However, the scatter seen in observations of Mars taken within a very 
short time period is generally much larger than this, often showing variations of 
greater than a factor of two in column abundance (see Barker, 1976). Large 
variations are possible depending on which face of the planet is being observed 
(due to longitudinal structure in vapor abundance; see below) . However, this 
large a variation occurs only during northern summer (L8 Rl 90-180°) , when the 
largest amounts of vapor are present. At other seasons, there is much less 
spatial structure in vapor behavior. Also, the large scatter in the Earth-based 
data is evident even when account is made of the differences in the sub-Earth 
longitude observed. Therefore, the variation observed must be due to 
uncertainties inherent in the observing or reduction techniques . 
That most of the scatter seen in Figure 22 is due to uncertainties in the 
Earth-based observations is consistent with the fact that the scatter decreases 
if data from a given day or short series of days are averaged. Figure 23 shows 
this trend, with the 78 points of Figure 22 averaged into 22 points based on 
when they were obtained. The best-fit line is essentially identical to that in 
Figure 22, but now the correlation coefficient for the data set is 0 .88, a much 
improved value. Thus, the two data sets agree to within the probable 
uncertainties and errors in the observations, as expected because it is the same 
planet being observed by the two methods at the same time. This agreement 
serves as a consistency check on both techniques , and now allows us to examine 
the behavior seen from Earth during other years . 
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Figure 23 : The same comparison as in Figure 22, except that data points 
obtained within a span of several days are averaged together to reduce 
the errors. There are now 22 points, the best-fitting line is essentially 
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For the interannual comparisons, only the data taken in the PPCM mode 
will be discussed , for simplicity. Except for the 1976-1978 year, this type of 
observation was the most commonly made. The seasonal variation that would 
be observed from Earth, based on the Viking measurements and using the 
method outlined above, is shown in Figure 24. The possible variation due to 
longitudinal structure in vapor abundance is also shown for four of the twenty-
four seasons. As mentioned above, there can be quite a large variation during 
northern summer, when there is ""42 ± 17 (peak-to-peak variation, based on 
the 10° bins) pr J.Lm of vapor. During southern summer, there is"" 12 ± 4 pr J..Lm. 
The seasonal variation seen in Figure 24 is not actually for the geometry of any 
specific year. Rather, it is calculated assuming that the subsolar and subearth 
latitudes and longitudes are the same (i.e., zero phase angle) . Thus, the water 
abundance is a function only of L3 (or subsolar latitude) and central meridian 
longitude (CML). A difference between the subsolar and subearth longitudes will 
make no c:iifference in the observed vapor in the absence of significant diurnal 
variability of vapor abundance or large amounts of atmospheric dust. The 
difference between the subsolar and subearth latitudes is always less than about 
20° and most often less than 10°, such that the lack of strong latitudinal vapor 
gradients will minimize any difference in observed vapor abundance. The effects 
of masking of the water vapor due to reflection off of airborne dust can readily 
be seen in Figure 24. The small dip in abundance at Ls s:::i 220° and the larger 
drop at L3 s:::i 275° are due to the presence of global dust storms (see Davies et 
al. , 1979a, and Chapter II.A). The vapor present in the atmosphere does not 
necessarily disappear at these seasons, but is merely hidden from view due to 
scattering of sunlight by the dust. 
These Earth-based abundances predicted from the Viking data are 
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Earth-based data are taken from the lists compiled by Barker ( 1976, and 
personal communication, 1981) , and have all been reduced by him to the same 
physical assumptions of bulk pressure (6 mbar) and temperature (225 K). The 
Viking measurements were reduced assuming T = 200 K and P = ~surface (or 
P R~ 3 ± 1 mbar) (see Chapter II.A) . but this ditierence should be a small etrect 
in the comparison. 
The seasonal curves seen for each Mars year show both similarities to 
and differences from the curve obtained from Viking measurements. The data 
prior to 1970 (Figure 25a) show a rise in vapor abundance during northern 
summer (see Barker, 1976) and a corresponding rise during southern summer. 
This led Barker et al. ( 1970) to conclude that the annual behavior was nearly 
symmetrical with respect to the two hemispheres and that the water vapor 
behavior correlated well with the retreat of the polar caps . As will be seen, the 
observations of the southern summer season in 1969 are the only ones to 
definitely show this type of behavior. During all of the other years the water 
vapor abundance during southern summer stayed quite low. Whether or not 
this is a real effect and some of the implications of these data will be discussed 
in detail in the next section. 
The data for 1970-1971 (Figure 25b) cover only the time period during 
southern summer and early fall . They show abundances which were much lower 
than were seen in 1969, and which are more consistent with the Viking 
observations. Of course, there was a global dust storm in 1971, beginning at 
about L. = 260° (e.g ., Zurek, 1982a) . If the dust masked the water that year to 
the degree that the MAWD observations were masked (lowering the observed 
abundances by about a factor of two), there could have been as much as 
30 pr J.Lm of water in the atmosphere. The degree of masking depends , however, 
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on both the amount of dust in the atmosphere and on the relative vertical 
distributions of the dust and the water, such that the masking which occurred 
in 1971 is not known. It is perhaps significant that between 4 = 330° and 360°, 
when most of the dust should have settled out of the atmosphere, the 1971 data 
indicates less than 15 pr J,J-m of water while the 1969 data show almost 
40 pr J,J-m: thus, even the Earth-based measurements show there to be significant 
differences between the two years . 
The observations by Barker ( 1976) for the 1972-1974 Mars year (Figure 
25c) yield the most complete seasonal curve as seen from Earth. The data show 
a rise in vapor abundance during northern summer, but little evidence of a 
similar rise during southern summer. Again, however, there was a dust storm 
this year, beginning at L8 = 300° (Zurek, 1982a: Briggs et al., 1979), and the 
relative degree of masking by dust is not known. Barker (1976) argued that the 
data from Ls = 240° to 270° showed a rise similar to that seen in 1969, and 
attributed the largest abundances to the south polar regions (based on 
latitudinal data taken in the EQ mode). However, the latitudinal data that he 
presents (reproduced here as Figure 26) show no significant latitudinal gradient, 
and indicate global abundances near 15 pr J.Lm. These values are very consistent 
with the Viking observations of about 12 pr J,Lm at this season, such that the 
apparent rise in vapor may be attributed to scatter and uncertainty in the data. 
Similarly, the latitudinal data for the period Ls = 328° to 335° (Figure 26) show 
little evidence for much more than about 15 pr J,J-m of vapor, and this is 
consistent with the data in Figure 25c. There is certainly no evidence for there 
being as much as 40 pr J,J-m of vapor near L. = 330° as there was in 1969. The 
decline in vapor following northern summer in 1972-1974 follows very closely the 
decline seen in the Viking data. The rise as northern summer approaches , 
however, appears to be earlier than in the Viking year. Unfortunately, these are 
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Figure 26: Observed latitudinal distribution of vapor at nine seasonal 
periods, 1972-1974. From Barker (1976). 
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the only data for this season, so that it is left indeterminate as to which 
behavior is more normal or whether the differences are significant. 
The data for 1975-1978 are shown in Figure 25d. These data were all 
obtained by Barker (unpublished data, personal communication, 1981) . The 
vapor behavior following L. = 270° is very similar to that seen by Viking. The 
earlier behavior appears different, however, with abundances averaging about 
twice those seen by Viking. While part of this may be due to differences in the 
amount of atmospheric dust present, it is likely that most of the difference 
represents a real variation; it is not known whether a global dust storm 
occurred during southern summer that year. 
In summary, the seasonal behavior of water vapor generally follows 
closely that observed by Viking, with some possible exceptions. In 1975, the 
decline in vapor following the northern summer peak was less rapid or less 
complete than in other years (Figure 25d) . While some of this difference may be 
due to differences in the obscuration by dust during the two years , that effect 
cannot explain all of the discrepancy (it would require significant global 
obscuration by dust at a season when this is not likely). Rather, removal of 
water from the atmosphere due to condensation onto the north polar cap or 
diffusion into the regolith must have been less efficient in 1975. 
In 1969, and possibly 1971 and 1973, the global vapor behavior during 
southern summer mimicked that which occurs annually during northern 
summer, while other years show no similar increase. If real, this increase is due 
to the supply of vapor that year from a southern hemisphere source. Discussion 
of this apparent anomaly and its implications for the south polar cap are 
contained in the next section. 
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4. Discussion 
Regarding the 1969 southern summer behavior, two questions arise: 1) Is 
the apparent increase in vapor from L. = 270° to 360° (Figure 25a) real? And 2) 
What are the possible causes? Although Mars was not easily observed at that 
season, there should have been no difficulty with the whole-disk type of 
measurements made by Barker et al. ( 1970). The eleven data points during this 
season yield a mean vapor abundance of 31.6 ± 2.0 pr J.Lm. Even if each point is 
assigned a random uncertainty of 50% of the mean value ( 16 pr J.Lm, as opposed 
to the standard deviation of the eleven points of 6.5 pr J.Lm), the uncertainty in 
the mean is only ...., 5 pr J.Lm. The Viking observations before and after the global 
dust storm of that season indicate a global vapor abundance of about 12 and 
7 pr J.Lm, respectively. thus, the 1969 values are more than a factor of three 
greater than those seen by Viking, and are more than three a away from them. 
Thus , it is highly probable that the differences detected are significant. Because 
the same observers obtained the 1969 data (Barker et al., 1970) as obtained the 
data during the other years with different behavior (Barker, 1976: Tull and 
Barker, 1972: Barker, unpublished data, 1975), using similar (though not 
identical) equipment, one has confidence that the measurements are to be 
believed. 
It is not likely that there would be sufficient atmospheric dust during all 
of the other years to mask the vapor were there actually 30-40 pr J.Lm of vapor in 
the atmosphere. The major dust storm during 1977, observed by Viking, had 
optical opacities possibly as great as 6 at the Viking landing sites (Pollack et al., 
1979), but caused the observed vapor abundance to drop only by a factor of two 
(see Figure 24, or Chapter JI.A). Near the end of the storm, at Ls = 345°, the 
opacity had dropped to less than one (Pollack et al., 1979), and the vapor 
abundance had climbed to about 7 pr J.Lm. Were there actually 35 pr J.Lm of 
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vapor in an atmosphere with dust of unit opacity, masking of the vapor by the 
dust would result in at most a drop of half in the observed abundance, rather 
than the factor of five required here (see Davies, 1979b). The 1971 and 1973 
data are ambiguous . There were dust storms which could have masked the 
water to the degree required prior to L. 1'1:1 330° ; after this time, however, there 
was probably insufficient dust in the atmosphere. The degree of masking which 
occurred, and the amounts of water present during the 1971 and 1973 southern 
summers, remains uncertain. 
Thus , the large 1969 (and possibly 1971 and 1973) southern summer 
vapor abundances observed by Barker et al. (1970) seem to represent real 
observations of an atmospheric vapor abundance very different from that seen 
in other years. There is little evidence regarding the latitudinal distribution of 
the vapor at this season in 1969. Scans of the EQ type at La 1'1:1 290°, centered at 
+6° and -54° latitude, show significantly less vapor than the pole-to-pole 
observations, with abundances more nearly like those seen by Viking (Barker, 
1976) . Although not conclusive, this distribution is consistent with large 
amounts of vapor in the south polar region. Unfortunately, there is very little 
data of other types that bear on this problem due to the unfavorable position of 
Mars at these seasons in 1969. The Mariner 6 and 7 spacecraft flew by Mars that 
year, but that was at La Rl 200°, very early in the season. 
It is suggested here that the "excess" vapor in 1969 was sublimed from a 
south polar water ice residual cap which was exposed when all of the seasonal 
C02 cap disappeared. This process occurs in the north each summer, with the 
C02 subliming to reveal the underlying water cap, which subsequently loses 
sufficient vapor to saturate the polar atmosphere (Farmer et al., 1976; Kieffer et 
al., 1976a). In the south during summer, however, 1977 Viking data revealed 
that the residual cap retained a cover of C02 (Kieffer, 1979; Paige , 1981 ). 
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Because the region was nearly in energy equilibrium on a yearly basis (Paige, 
1981), there is no information as to the thickness of the residual covering of 
C02. Were it sufficiently thin, it might disappear in some years to reveal the 
water cap which must lie beneath it. This disappearance could be tied to the 
difference in the thermal load placed upon the cap by the presence or absence 
or the relative strength of global dust storms or of the nominal (non-storm 
period) atmospheric dust load that year. The presence of atmospheric dust over 
the cap will cause a change in the net radiative (solar plus atmospheric 
thermal) tlux onto the cap , thereby subliming C02 at a dit!erent rate (Kiet!er, 
1979: Paige, 1982). A difference in dust storm activity between the year 
observed by Viking and the year of the large southern summer vapor 
abundances observed by Barker et al. (1970) may account for this difference in 
polar behavior, with all of the C02 having sublimed off the south cap in the 
earlier year, revealing the underlying water ice. This is consistent with the 
thermal models of the polar caps by Kieffer et al. (1977, Appendix I) and by 
Briggs (1974), in which there is insufficient C02 to last through the summer in 
the absence of protective atmospheric dust. If the underlying water cap has the 
same albedo as the north residual cap, it would be capable of reaching a 
maximum summer temperature of about 215 K, resulting in an atmospheric 
vapor abundance of greater than 150 pr J.Lm over the cap. Were all of the C02 to 
disappear from the south one year. it would occur at the season of minimum 
cap extent. Visually, the cap typically reaches its minimum extent at L5 = 300° 
(James and Lumme, 1982). This is consistent with the temperatures of the 
south cap, which indicate a minimum size no later than L8 = 300° (Kieffer, 1979). 
In 1969, a faster cap recession would mean that the water ice would be revealed 
at a slightly earlier season than this . C02 would not begin to condense again 
until almost Ls = 360° (see Kieffer et al., 1977, Appendix I). The 1969 vapor 
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behavior (Figure 25a) is consistent with this timing. Polar vapor ot column 
abundance 100 pr f..Lm would only need to extend to latitude -75° in order to 
produce the observed abundance of ..., 25 pr f..Lm at L. = 280° to 290°, and it need 
extend to -57° to result in 35 pr f..Lm at L. = 330°. Simple transport models of 
the type discussed in Chapter IIl .B, with appropriate south polar vapor 
abundances as a boundary condition, can readily produce the required global 
abundances; the shape of the resulting seasonal curve, however, depends 
strongly on the assumed polar abundance variation. 
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5 . Conclusions and Summary 
The annual cycle of water vapor in the Mars atmosphere has been 
observed for several separate Mars years from spacecraft and by Earth-based 
telescopic observers . The two different techniques yield similar results for 
simultaneous observations, and thereby allow comparisons to be made between 
the behavior in each year. The general trend shows a rise in global vapor 
abundance during northern summer, and a decline during the remainder of the 
year. The specific timing of the rise and decline vary slightly from year to year, 
but the overall trend is similar. 
In 1969, however, observations showed that the vapor had a similar 
increase during southern summer. That Martian year is the only one to date for 
which this type of southern summer behavior has been observed, with four years 
apparently showing no rise at this season. The timing and magnitude of the 
1969 southern summer vapor increases is consistent with sublimation of water 
from a permanent south polar water ice cap which is revealed when all of the 
C02 sublimes. Although the south polar cap retained C02 during 1977, when 
observed by Viking , the atmospheric dust present during other years may have 
placed a greater thermal load on the cap causing the C02 to completely sublime. 
Verification of both the "anomalous" observations and the above hypothesis 
may be best obtained by continuing the Earth-based observations of the water 
vapor content of the Mars atmosphere, especially during southern summer. 
135 
II.D. Near-Infrared Observations of Surface Water Frost 
1. Introduction 
In addition to water vapor present in the Mars atmosphere, observations 
which may indicate the presence of water ice on the surface are relevant to the 
seasonal and global water cycle. A number of observations in the near-infrared 
have revealed spectral features that may be indicative of surface water ice . The 
most unambiguous measurements and interpretations regard the presence of 
water incorporated into the seasonal C02 polar cap (Kieffer, 1970b; Pimentel et 
al., 1974; Clark and McCord, 1982). More speculative is the possible presence of 
surface water ice in the equatorial regions near local midday (McCord et al.. 
1982). These data and interpretations are discussed below. 
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2. The Polar Caps 
In a recent paper, Clark and McCord (1982) presented near-infrared 
spectral measurements of the Mars north polar region. The spectra, taken 
during northern spring, showed absorption features due to the presence of 
water ice, and Clark and McCord interpreted these data as confirming the water 
ice composition of the residual cap as previously determined from spacecraft 
measurements by Farmer et al. (1976) and Kieffer et al. (1976a) . However, Clark 
and McCord were, in fact , observing the predominantly-C02 seasonal cap rather 
than the residual water-ice cap. When viewed in these terms , one is led to to the 
same conclusions, that water ice must be present on the seasonal C02 polar cap, 
as were reached by Kieffer ( 1970b) based on analysis of a near-infrared 
spectrum of the polar cap obtained by Moroz ( 1964) . 
The seasonal behavior of the north polar cap involves the condensation 
of C02 onto the surface during winter and the subsequent sublimation during 
the following spring (e .g ., Leighton and Murray, 1966) . Visual observations of the 
recession of the cap during spring have been made from Earth and from 
spacecraft over the course.· of many years (see James ( 1979) for a summary and 
comparison of most of these data) . Additionally, thermal mapping data from 
the Vik ing orbiters can pinpoint the recession of the cap edge due to the 
buffering of the surface temperature which occurs whenever solid C02 is pr esent 
on the surface (e.g ., Martin, 1981 ; Paige, 1981) . 
Generally speaking, the north seasonal cap extends as far south as 
""50~ N latit ude during the winter. Soon after the vernal equinox (Ls = oo) , the 
hood of clouds which is often present dissipates and the seasonal cap retreats 
toward the pole. By northern summer solstice (Ls = 90°) only a small residual 
cap is left at the pole, extending to as far south as 80 to 85° N latitude 
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(depending on longitude) . It was this residual cap, observed by Vlking at 
L. Fil:l 108°, that was determined to be water ice (Kieffer et al., 1976a; Farmer et 
al., 1976). 
The Earth-based data of Clark and McCord were obtained on 
20 February 1978, at L. = 50°. They noted that the polar cap at that time 
extended to as far south as ""60° N latitude. Thus, the largest fraction of their 
field of view contained the seasonal cap, composed predominantly of C02 ; the 
area of the residual part of the cap comprised less than a few percent of their 
field of view. Of course, even the location of the residual cap is covered with C02 
at this season; the C02 buffering the residual cap temperatures does not 
completely disappear and reveal the underlying water ice until L. F:~:~ 80° (Paige, 
1981). 
Thus , although the spectra of Clark and McCord indicate water ice 
features, it is not the residual north polar cap that contains this ice. Rather, 
the water ice may be present either as clouds within the region observed or as 
surface ice intermixed with the solid C02 present on the surface. It optically-
thick water ice clouds were present on Mars during the time of Clark and 
McCord's observations, it would not be surprising to see ice absorption features 
in the spectra. As they point out, however, no thick clouds were seen in the 
analysis by James (1979) or in Planetary Patrol or their own Earth-based 
photographs at nearly the same time. There is evidence for optically-thin clouds 
during this time period (James, 1979), but were they a significant contributor to 
the observed near-infrared fiux they would have been easily visible to an Earth-
based observer. 
It is likely, then, that the water ice which produced the absorption 
features in the spectra of Clark and McCord was present on the surface, 
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intermixed in some fashion with the solid C02 . They estimate that 60.% of the 
observed light comes from H20 frost while 40.% is from other, unspecified, 
components. They have no way of estimating the location of the water frost (i.e., 
whether it is nearer to the pole or to the southernmost extent of the seasonal 
cap, or even if it is in the sub-polar regions also included in their field of view) . 
There are two reasons why one might expect water frost to be present on the 
surface of the seasonal C02 cap. First, there is as much as 10 pr J.Lm 
(precipitable microns) of water vapor in the atmosphere above the retreating 
seasonal cap at this season (Farmer and Doms, 1979: also, Chapter II.A) . The 
saturation water vapor pressure at the low C02-cap temperatures is too low for 
any significant vapor to exist (- 10~ mbar at 150 K. equivalent to ""10-3 pr J.Lm 
of water vapor/km of atmosphere at saturation: see Farmer, 1976) . Thus , any 
vertical mixing of or di!Iusion within the atmosphere will result in condensation 
of some of the water onto the surface. Second, at L. = 50° C02 from the 
seasonal cap is subliming and causing the cap locally to thin and disappear. The 
temperatures are too low, however, for any water ice which may be present to 
sublime until all of the C02 has sublimed. Thus, if any water had been 
volumetrically incorporated into the seasonal C02 cap as it formed , it would be 
left behind as a surface lag deposit as the C02 disappeared. 
Uncertainties in the nature of the mixing of the water ice with the C02 
ice and possibly with dust on the surface make it difficult to establish the total 
amount of water ice present. These uncertainties include the frost texture (or 
grain size), the physical nature of the mixing (e.g., whether the water frost is all 
on the surface or mixed uniformly throughout some volume), and the nature 
and abundance of any dust contaminants. The effects of these complications on 
observed frost spectra are discussed by Kieffer ( 1970a) and Clark ( 198 1a ,b ), 
among others. Based on these analyses, and the spectra presented by Clark and 
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McCord, it is likely that there is greater than about 20 pr J.Lm of water frost on 
the surface, averaged over the area observed. No upper limit can be established 
due to uncertainty in the thickness of the water-frost-containing layer. Thus , 
the amount of water ice contained within the seasonal cap may be little enough 
to be only a small part of the seasonally-released vapor, or it may be large 
enough to be the dominant source. This ambiguity remains essentially 
unchanged if one considers the possibility that the water is present as a water-
carbon dioxide clathrate, as the spectra of the clathrate and pure ice are very 
similar (Smythe, 1975). It is interesting to compare these results with the lack 
of water ice features seen in the spectra of the south seasonal cap during 
southern spring (L11 = 212°), as observed by Larson and Fink (1972). They place 
an upper limit of .... 15 pr J.Lm on the average water frost abundance, similar to 
the lower limit obtained here for the north: this difference between the north 
and the south polar caps seems consistent with the observed occurrence of 
larger atmospheric vapor abundances in the north than in the south (Farmer 
and Doms, 1979: Chapter II.A). Interestingly, Mariner 6 and 7 observations in 
1969 of the south polar cap (L. r:::o 200°) indicated the presence of water ice on 
the surface everywhere south of the cap edge at .... 60° (Pimentel et al., 1974). 
Although no estimates of the amount of frost present were made, a latitudinal 
variation was apparently seen, with larger frost abundances being present near 
the cap edge. 
In summary, the spectral evidence indicates that water ice is present at 
the surface of the cap, intermixed with the C02 frost . This is the same 
conclusion reached by Kieffer ( 1970b ), who properly interpreted the near-
infrared spectrum of Mars taken by Moroz ( 1964) at L 11 = 63°, nearly the same 
season as is discussed here. It would be interesting if similar observations could 
be performed throughout the entire seasonal recession of the cap or if more-
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detailed variations with latitude could be mapped over the cap. This could 
provide harder constraints as to how much water is actually incorporated within 
the cap, and would in turn constrain models of the seasonal cycle of water which 
include exchange of water between the atmosphere and the regolith (see 
Chapter lii} . 
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3. The Equatorial Regions 
A variety of near-infrared measurements of non-polar, near-equatorial 
regions on Mars have also been interpreted in terms of the presence of water in 
the near-surface regolith, either as water of hydration, adsorbed water, or ice 
(Houck et al., 1973; Sinton, 1967; Pimentel et al. , 1974; McCord et al., 1978, 
1982). Bound water produces absorption bands near 1.5 J.Lm, 1.9 J.Lm, 2.4 J,Lm, 
and 2.9 J.LID (e .g ., Hunt, 1977; Pimentel et al., 1974). Water ice has bands 
centered at about 1.6 J.Lm , 2.0 J.Lm, and 3 .1 }.LID (e .g., Kiefier, 1970a; Pimentel et 
al., 1974; Clark, 1981a ; and others) . While bound water can exist in equilibrium 
with atmospheric vapor under the existing range of pressure and temperature 
in the equatorial regions, ice is unstable during the day and would be expected 
to sublime. Thus, the existence of daytime ice would present a significant 
boundary condition for the behavior of water in the atmosphere as well as for 
the surface chemistry. 
Perhaps the most-interesting data regarding water is that obtained from 
the Mariner 6 and 7 infrared spectrometers (Pimentel et al., 1974). Although 
containing only a limited set of observations, the data clearly show the 3 }.LID 
absorption band, due to chemically- or physically-bound water (sorbates) in the 
equatorial regions and due to ice in the south polar region. While the data 
indicate that surface water is present everywhere, they show a clear transition 
from bound water to water ice at the cap edge. This is seen in Figure 27 , from 
Pimentel et al. (1974) , which shows the 2.2-J,Lm brightness B, R 1 (= ratio of 
intensity at 3 .1 }.LID to that at 2 .2 J.Lm) , and R 2 (ratio /(2 .9 J.Lm)//(3 .1 J.Lm)) as 
functions of latitude. The reflectance at 2 .9 J.Lm is indicative of bound water, 
and that at 3 .1 J,Lm of water ice; that at 2.2 J,Lm does not reflect the existence of 
water at all. Thus, a relatively low value of R 1 indicates the presence of surface 
water in some form; a value of R 2 > 1 means that the water is in the form of ice, 
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Figure 27: Behavior of B (at 2.2 ,um), R 1 (= /(3.1 ,um)//(2.2 ,um)), and 
R 2 (= /(2.9 ,um)/ /(3.1 ,um)) as a function of latitude at the edge of the 
south polar seasonal cap, as observed from the Mariner 6 and 7 infrared 
spectrometer (IRS) experiment, L. ~ 200°. See text for discussion. 
From Pimentel et al. (1974) . 
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while R 2 < 1 means that the water is bound physically or chemically. 
Contamination of the 2.9 J.Lm intensity from the wings of the 2.7 J.Lm C02 band 
may occur, but the results should still be qualitatively valid. R 1 has other 
efl'ects also folded into it, including photometric function , particle size, and 
chemical composition independent of water content. That all of the values for 
R 1 are significantly less than 1.0 is interpreted by Pimentel et al. in terms of the 
presence of significant amounts of water. The decrease toward the south, while 
consistent with an increase in bound water at colder more-poleward 
temperatures, can also be explained in terms of particle size variations. 
Because R 2 < 1 north of """soas. the water in this region is in the form of bound 
water. The sharp transition to R 2 > 1 south of "'60°S indicates the presence of 
water ice on the polar cap, as mentioned in the previous section. There is no 
firm evidence for surface water ice in regions other than the polar cap (Pimentel 
et al.. 1974). These results are generally consistent with those of the other 
observers regarding the presence of bound water. 
Recently, McCord et al. ( 1978, 1982) presented near-infrared spectra of 
various non-polar regions of Mars and interpreted them in terms of the 
presence of water ice. The bbservations were of various bright and dark areas in 
the Mare Tyrrhenum, Elysium, Arnenthes, and Iapygia regions. Composite 
spectra are shown here in Figure 28. The large scatter near 1.4 and 1.9 J.Lm is 
likely due to telluric water. The vertical lines represent the locations of C02 
vapor absorption lines (from Kiefl'er, 1968) which have been approximately 
removed by McCord et al. from the data by use of a nominal model Mars 
atmosphere. Also shown is the relative reflectance spectrum of water ice , 
indicating the location of the absorption features (see McCord et al., 1978, for 
details of the removal of the atmospheric C02 lines, and McCord et al., 1982, for 
the ice spectrum) . McCord et al. (1982) feel that the small intensity decrease in 
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Figure 28: Composite bright and dark region reflect ance spectra of Mars, 
obtained by McCord et a l. (1982) , and reflectance from a surface 
composed of water ice. The vertical lines represent the locations of the 
centers of gaseous C02 absorption bands (see Kieffer, 1968). McCord et 
al. have removed a nominal model C02 atmosphere , and interpret the 
broad d ip at 1.6 J.Lm to be due to surface ice, despite the absence of the 
normally-deeper 2.0 J.LID band. See text for discussion. 
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the bright region spectrum at ...... 1.6 J.li!1 can best be explained by the presence of 
water ice on the surface: about 5.% of the surface would need to be covered to 
produce the band that they feel is present. Interestingly, although the 2.0 p,m 
water ice band should be a deeper band, it appears to be absent from the 
observed spectrum. Instead of water ice producing the band at .... 1.6 J.li!l, much 
of it may be due to incomplete removal of the C02 gas bands at 1.44 and 
1.59 J.li!l. Also, due to the presence in this wavelength range of absorption bands 
from Fe+2 in surface minerals (see Hunt, 1977), a unique assignment cannot be 
made solely in terms of ice. 
At these latitudes (between about ± 30°), the daytime surface 
temperatures reach maxima of up to 300 K (see Kietl'er et al., 1977), such that 
surface ice would rapidly sublime. McCord et al. (1982) require a highly 
speculative hysteresis etl'ect between adsorbed water and surface ice to obtain 
any ice at the time of the observations. If water ice is causing a decrease in the 
retlected light at this wavelength and location, it is instead likely to be due to 
high-altitude water clouds rather than surface ice. Because water ice is very 
absorbing at these wavelengths (e.g., Wiscombe and Warren, 1980), even thin 
clouds of small particles will cause shallow absorption bands to appear in both 
transmitted light and light reflected from the clouds. Calculations of the 
scattering and absorption due to water clouds, done using the Mie theory and a 
simple delta-Eddington two-stream radiative transfer approximation (D.A. Paige, 
personal communication, 1982; Joseph et al.. 1976), indicate that a water cloud 
of optical thickness near 1 can produce an adsorption band at 1.6 JJ-m greater 
than several percent deep; the small depth of the band results from the 
importance of scattering relative to absorption at this wavelength for the cloud 
particle sizes used. This depth is comparable to the size of the possible decrease 
discussed by McCord et al. (see Figure 28). A cloud of unit extinction optical 
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thickness produces only a small rise in the Bond albedo, so may not even be 
noticed in Earth-based observations. 
In summary, the near-infrared data for the equatorial regions are 
consistent with the ubiquitous presence of bound water in the near-surface 
region. This water would take the form of either adsorbed water or chemically-
bound hydrates. There is no compelling evidence for the presence of surface ice 
during the m idday time period. 
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Chapter III 
The Role of Seasonal Reservoirs in the Mars Water Cycle 
Understanding the seasonal cycle of water vapor in the Mars atmosphere 
requires an understanding of the role played by the seasonally-accessible 
reservoirs for water. The possible reservoirs include water ice in both the 
residual and the seasonal polar caps: subsurface water in the regolith, adsorbed 
onto the individual grains; and subsurface ice or permafrost. All of these 
reservoirs are thermally-driven, such that the seasonal increase and decrease in 
temperatures at each location on the planet Will tend to drive the water into the 
atmosphere and back out again, respectively. Additionally, water vapor, once in 
the atmosphere, can be carried from place to place on the planet due to the 
circulation of the atmosphere. The water can also be transported as vapor, as 
solid ice in the form of clouds, or as water sorbed onto airborne dust grains . 
The roles of these processes are considered in this chapter. The possible 
role of regolith exchange of water is discussed in Section A; details of the 
physics involved are presented, along with results of a simple one-dimensional 
seasonal model of the atmosphere and regolith. In Section B. the regolith model 
is coupled with a diffusion-type climate model detailing atmospheric transport 
and polar cap formation in order to understand the relative importance of each 
of the processes. The conclusions arrived at here Will then feed back into some 
of the results already obtained regarding the role of each reservoir in the longer 
timescale behavior. 
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III.A. Seasonal Exchange of Water with the Regolith 
1. Introduction 
There is much previous discussion in the literature regarding the 
existence of subsurface water adsorbed onto the Mars regolith and its ability to 
exchange with the atmosphere seasonally. Measurements of the adsorption 
isotherms for water (i.e. , the amount of water adsorbed on a material as a 
function of vapor partial pressure and temperature) have been made for a 
variety of geologic materials by Mooney at al. (1952), Anderson et a l. ( 1967, 
1978) , Pollack et al. (1970) , and Fanale and Cannon (1974) . The strong 
temperature dependence of the sorption process caused the latter three groups 
to suggest that exchange of water between the regolith and the atmosphere 
m ight be important on Mars on some timescales. 
The physics of the adsorption process involves the van der Waals bonding 
of water molecules onto the surface of individual grains (see, for instance, 
Brunauer et al. , 1967). The number of molecules that will bond onto a unit area 
of grain surface wiH depend both on the number available in the surrounding 
pore space (the vapor partial pressure) and on the ease with which bound 
molecules can detach (as determined by the temperature extant) . Figure 29 
shows the measured and inferred isotherms for a granular surface of basalt and 
of montmoriHonite clay. Over the range of pressures and temperatures present 
on Mars , the amount of adsorbed water can vary up to about 10 mg water/g 
rock for basalt and up to several hundred mg water/g rock for clay (Fanale and 
Cannon, 1974; Anderson et al., 1967). In neither case does the water cover the 
grains to deeper than a complete monolayer of molecules; the clay is more 
adsorbing due to its greater specific surface area, which results from its more-
open molecular construction. 
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Figure 29: Adsorption isotherms for particulate basalt and 
montmorillonite clay. (a) Isotherms for adsorption onto clay, as inferred 
from the measurements of Mooney et al. (1952). From Anderson et al. 




































0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 o.s 0.9 1.0 
P/~l (RELATIVE PRESSURE YITTH RESPECT TO LIQUID H20 ) 
153 
An increase in temperature will thermally activate the adsorbed water 
molecules and drive them from the surface ot the grains into the surrounding 
pore space as vapor, until equilibrium is re-established. Locally, this is a very 
rapid process. The ability to then influence the atmosphere depends on the 
depth beneath the planet's surface to which diffusive contact exists. As an 
example, consider a case in which the vapor molecule number density in the 
subsurface pore spaces is initially in equilibrium with the adsorbed water at 
some temperature, with the base of the atmosphere having the same vapor 
molecular number density. If the subsurface temperature is increased, water 
molecules will locally leave the surface and become pore vapor to re-establish 
the equilibrium. At this point, the water molecule number density is greater in 
the subsurface than at the base of the atmosphere, and vapor will ditiuse out 
into the atmosphere, again until equilibrium is established. In this manner, the 
seasonally-changing temperatures can drive vapor out of or back into the 
regolith. 
As was emphasized by Fanale and Cannon (1974), free ice will not form in 
the subsurface unless all of the particle adsorption sites are filled . While ice, if 
emplaced onto the surface, is capable of sealing oti the subsurface pores, 
sublimation of this ice into the pores and the subsequent adsorption of the 
molecules onto the grain surfaces would rapidly occur until equilibrium is 
established or the sites are filled . Thus , it is proper to consider the 
adsorption /desorption process first, rather than the possible condensation and 
sublimation of ice considered by Leighton and Murray (1966), Fanale (1976), and 
Farmer and Doms (1979). 
In the next part of this section, the dit!usion distances through the 
Martian regolith are discussed . These will govern the depth to whio!h vapor may 
exchange on a seasonal basis. In the sections which follow, a simple one-
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dimensional model for seasonal exchange will be presented. The results will 
indicate the possible importance of regolith exchange in the seasonal cycle . 
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2 . Regolith Diffusion and Adsorption 
The ability of vapor to exchange with the atmosphere depends on its 
ability to diffuse through the porous surface and on the ability of the regolith t o 
adsorb water (and on the temperature dependence of this process). The former 
depends on the difiusivity, D, of the surface. D is a function of the grain 
particle size, the bulk porosity, the tortuosity (a measure of the degree of inter-
connectedness of the pores), and the partial pressure of the C02 through which 
the water molecules must ditruse. Flasar and Goody (1976) examined the 
dependence of D on its constituent properties, as determined by theory and 
observations, and found that 0.1 ~ D ~ 5 .0 cm2 /s. (Notice that these values 
ditrer from those quoted by Flasar and Goody: this is because the ditrusivities 
used here include in them the etJective porosity, while their discussion has 
porosity as a separate term.) The lower limit is based on ditJusion through 1-J..Lm 
sized particles, as smaller particles are physically unrealistic; of course, a 
cemented surface or a frothy lava may not have connected pores at all , such 
that D < 0.1 is possible. The upper limit is obtained for flow through pure C02 
gas in a porous medium, with the medium not obstructing the diffusion at all. 
For pore spaces larger than the mean free path for collision ("' 5 J..Lm), Knudsen 
flow dominates and ditrusion is governed solely by gas molecular collisions. For 
smaller pores it is the collisions of a molecule with the pore walls which are the 
significant factor . 
The ability of a porous material to adsorb water depends predominantly 
on its specific surface area (surface area per unit mass) . This in turn is a 
function of the particle size of the medium, the structure of the mineral. and 
the structure of the grains. Fanale and Cannon (1974) measured adsorption 
isotherms for water on 88- to 246-J..Lm-sized particles of basalt having a specific 
surface area of 9 .8 m 2 I g. Under Martian pressure and temperature conditions, 
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as much as about 10 mg water can adsorb onto each gram of rock. The 
behavior of basalt is typical of that of non-clay silicates. Anderson et al. ( 1967, 
1978) examined the adsorption properties of montmorillonite clay under 
Martian conditions. Clay, with its much more open and regular structure, is 
capable of holding much more water than basalt; Anderson et al. found that as 
much as several hundred mg H20/g rock could adsorb. The measured and 
inferred isotherms are shown in Figure 29. The composition of the Mars surface 
is not well known, however; the evidence for the presence of clays is ambiguous 
(e.g., McCord et al., 1982) , and they may be absent entirely. 
Table 5 shows diffusion lengths through porous media for several values 
of D for a time period of one Mars year (687 Earth days, or 669 Mars days) . The 
actual distance.s diffused will be much less than these owing to the buffering 
effects of the adsorbed water; for example, if water is to diffuse out from 10 em 
depth, an equivalent amount of water must first be removed from the top 10 err< 
of the column. Thus, to get a realistic diffusion depth, the values for the 
diffusion constant must first be scaled by the ratio of the amount of vapcr 
present per unit volume in the regolith to the total amount of water (vapor plus 
adsorbed water) exchangeq.: 
(4) 
Using amounts of adsorbed water of 0 .03 rng/g (on particulate basalt) and 
3.0 mg / g (on montmorillonite) results in a scale factor for D of 6.7 x 10-5 
(basalt) and 6 .7 x 10-7 (montmorillonite) . The amount of adsorbed water 
exchanged is much less than the total amount of adsorbed water present in the 
regolith becaus e feedback of the atmospheric vapor on the equilibrium process 
will limit the amount of water that can exchange; the values used are more 
typical of the actual amount of water which would exchange (as obtained using 
157 
Table 5. Annual Diffusivity Depths (in Meters) for Various 
Values of the Diffusivity D (in crn2 /s) . 
D 0.1 0.3 1.0 3.0 
Depth 17.2 29 .8 54.5 94.3 
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the more detailed model in the next section) . 
These scale factors result in the buffered diffusion depths shown in Table 
6. The diffusion depths are typically 0 .1 to 1 m through particulate basalt, or 1 
to 10 em through particulate montmorillonite . The diffusion distances through 
the clay are smaller owing to its larger specific surface area and its increased 
ability to buffer the diffusion. If an amount of water exchanges which is 
different from the amounts used in the calculations, of course, the diffusion 
depths will scale differently. These results imply that typically 100 pr J..Lm of 
water is available to exchange with the atmosphere on a seasonal basis . This 
amount is comparable to the variation actually observed (see Chapter II), and 
indicates that the process can be very important under the right conditions. Of 
course, the annual process is much more complicated than pure diffusion. 
Superimposed on that process is the seasonal change in temperature which 
actually drives the diffusion. The skin depth which obtains when this effect is 
included will be calculated numerically in the next section, as will be the actual 
amount of water to exchange in the column for a given value of D. 
An additional complication mentioned by F.P. Fanale (personal 
communication, 1981) is that seasonal exchange of C02 with the regolith may 
influence the H20 exchange by sweeping up the water molecules and carrying 
them into or out of the regolith . This is unlikely to be significant: only a small 
fraction of the atmospheric C02 in a column can exchange seasonally with the 
regolith (Jakosky, 1981 ; Fanale et al., 1982) . Thus, if the C02 carries H2 0 with it 
in proportion to its atmospheric mixing ratio (which it would do in a steady 
state) only a small fraction of the H20 in the atmosphere could exchange 
Regolith diffusion would have to be in the Knudsen flow regime (D ::::l 5 cm2/ E; 
mean pore size ~ 5 J..Lm) for C02 to carry H2 0 at all. Otherwise, the dominant 
collisions experienced by an H20 molecule will be with the pore walls , and the 
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Table 6 . Annual Diffusion Depths (in Meters) tor Various 
Values of the Diffusivity D (in cm2 /s) , Including the 
Buffering Effects of a Regolith . 
D 0 .1 0.3 1.0 3.0 
Basalt 0.14 0 .24 0 .45 0 .77 
Montmorillonite 0.014 0 .024 0 .045 0.077 
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C02 would be ineffective in transporting water. Given the preponderance of 
particles smaller than 5 J.LID in the atmosphere (see Toon et al., 1977, or Pollack 
et al.. 1979) and probably mixed in with the surface material as well. it is likely 
that diffusion will be somewhat hindered. Of course, if D is large, then 
thermally-driven exchange of water will dominate C02-driven exchange (see next 
section) . If D is small C02-driven exchange will be insignificant. and thermally-
driven exchange will again dominate . As will be discussed later, D is probably 
less than about 1 cm2 /s , well out of the Knudsen flow range. 
A further interaction between the C02 and H20 exchange cycles may 
occur if the two molecules compete for the same adsorption sites on the regolith 
grains, and seasonal exchange of C02 either opens up additional sites for H2 0 , or 
if the C02 molecules are capable of displacing adsorbed H20 molecules. C02 is 
more volatile than H20, however, as evidenced by its much higher saturation 
pressure at Martian temperatures; and by the fact that fewer molecules of C02 
adsorb per unit area than of H2 0 under Mars conditions, despite the much 
greater partial pressure of C02 than of H20 (see Fanale and Cannon, 1974, 1979). 
Thus, it would appear that the C02 molecules adsorbed on the grains and their 
seasonal exchange with th'e atmosphere would not significantly affect the H20 
adsorption or exchange. In fact, the converse is likely, with water molecules 
being capable of displacing the C02 molecules . This process would act in phase 
with the seasonal temperatures, hence out of phase with any thermally-driven 
C02 exchange such that the regolith would exchange even less C02 during the 
seasonal C02 pressure cycle than predicted by the current models of Jakosky 
(198 1) and Fanale et al. (1982) . 
Regardless of the value of D appropriate for Mars , the regolith will 
contain much more water adsorbed within it than is contained in the 
atmosphere. This is because the surface cannot be a perfect non-diffuser, 
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isolating the regolith from the atmosphere on all timescales. Because the 
surface is indeed porous, diffusion of atmospheric vapor into the regolith and 
adsorption onto the grains will occur on some timescale. This point has been 
made previously by Fanale ( 1976) but is worth stressing here. For instance, if 
there are 10 pr p.m (lo-s g/cm2) of vapor in the atmosphere at the equator, 
there will be as much as 0.5 g/cm2 of water adsorbed in the top meter of 
regolith. How much of this water will be available for seasonal exchange will 
then depend on the value of D which is appropriate. 
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3. One-dimensional Model for Seasonal Exchange 
To investigate the seasonal exchange of water between the atmosphere 
and regolith in more detail, a simple one-dimensional numerical model was 
constructed. This model incorporates the most important physics of the 
seasonal cycle: the diurnal and seasonal variation of the surface and subsurface 
temperatures , and the consequent changes in the equilibrium between vapor 
and adsorbed water; and possible saturation and formation of ice at the base of 
the atmosphere. 
The basic model is a finite-difference time-marching model of vapor 
diffusion through the regolith. The subsurface is divided into layers, with the 
daily fiux of vapor between layers being 
On J=-D-ax (5) 
where J is the fiux, D is the diffusivity already discussed, and an /Bx is the 
vertical gradient of vapor number density. In this formulation, complicated 
terms such as surface fiow of molecules along grains or capillary movement of 
liquid brines are ignored (see Barrer, 1967). 
The term 8n/Bx is approximated by the daily average of the finite 
difference !J.n/!J.x. That is , the diurnal variation of temperature is calculated at 
each depth for a particular season. At each time of day, the partial pressure of 
vapor in the pores which is in equiUbrium with the adsorbed water is determined 
based on the adsorption isotherm. It is this quantity which is averaged over a 
day to determine the appropriate value of n . In this sense, the diurnal variation 
of temperature, shown to be important in the adsorption physics by Flasar and 
Goody (1976) , is included in the model. This method is valid in the subsurface 
so long as significant diurnal variation of the amount of adsorbed water does 
not occur locally. As Flasar and Goody (1976) have shown, diurnal variation can 
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be significant only under special circumstances in which the atmospheric vapor 
lies within the lowermost few kilometers of the atmosphere. This condition is 
not likely to be satisfied in general (see Chapter II .B, for instance), such that 
diurnal variation can likely be ignored. To the possible degree that diurnal 
exchange occurs, the model will be inaccurate in determining the amount of 
adsorbed water within the diurnally-varying layer; this should not, however, 
affect the calculations of adsorbed water deeper in the subsurface or of the net 
daily exchange with the atmosphere. It should be noticed that the depth of the 
diurnal layer is only about 4% of the depth of the annual layer, so is a very small 
fraction of the column being considered. 
The diurnal variation of surface temperature is obtained from the model 
by Kieffer (see Kietrer et al., 1977, appendix I) for nominal values of the surface 
thermophysical properties (thermal inertia of 6 x 10-3 cal/cm2 -s* -K; albedo 
0.30). The seasonal variation of temperature at most latitudes can be seen in 
Figure 30, which shows the same model as is seen in Kieffer et al. ( 1977) with 
temperature as a function of season at each latitude. The model brightness 
temperatures are converted to kinetic temperatures by assuming a bolometric 
emissivity (here, 0.95) . These diurnal surface temperatures are extrapolated to 
the subsurface by an analytic solution to the heat conduction equation with 
known boundary conditions (Carslaw and Jaeger, 1959; see Muhleman, 1972, for 
a more recent discussion relevant to planetary surfaces): 




k , p, and c are the surface thermal conductivity, density, and specific heat, 
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Figure 30: Maximum, minimum, and average diurnal temperatures as a 
function of season as predicted by the thermal model of Kiefier et al. 
(1977) with thermal inertia 6 .5 x 10-5 cal!cm2 -s* -K and albedo 0 .25. 
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respectively, 0 is the planetary rotation rate, and the coefficients Tn and rfJn are 
the values obtained from the Fourier expansion of the surface temperature 
[equation (2) with 2 = 0]. The assumption is made that the subsurface physical 
properties and behavior are constant with depth and independent of the 
amount of water adsorbed. Any gradient of the daily average temperature with 
depth, as would be caused by the seasonal penetration of the thermal wave, is 
ignored in the calculations; it will be seen later that the vapor diffusion skin 
depth is small compared with the annual thermal diffusion depth, such that this 
assumption is valid. 
The adsorption properties used in the model are based on the 
measurements by Fanale and Cannon (1974) for water bound to 88- to 246-,u.m-
sized particles of basalt, as discussed in the previous section. Although clay 
would have a significantly greater buffering ability, the additional capacity would 
be balanced in part by the additional inhibition of diffusion owing to the greater 
degree of buffering by the clay. Results of one-dimensional models calculated 
using adsorptive properties more like those of clay do not show a large 
difference from those calculated for the basalt. This result indicates that the 
feedback of the atmospheric vapor abundance on the adsorption equilibrium 
plays an important role in the process, and that conclusions obtained for the 
basalt would not change significantly if the clay were used instead. 
Any hysteresis in the adsorption isotherms is ignored. By hysteresis is 
meant the equilibrium adsorption of a different amount of water at a given 
pressure and temperature depending on whether the material has most recently 
undergone adsorption or desorption of gas . Hysteresis is most prevalent among 
clays due to the increased importance of capillary adsorption (Fanale and 
Cannon, 1979), but even there produces a relatively small effect (sen Anderson 
et al. , 1978). Finally, the assumption is made that local exchange between 
168 
adsorbed water and vapor in the pore spaces is much quicker than a day, such 
that the regolith is always in local equilibrium. 
The atmosphere is treated in a fairly rudimentary fashion in order to 
isolate the effects of the regolith in the exchange. Atmospheric vapor is 
assumed to be mixed uniformly with height (i.e., constant mixing ratio) . This is 
a reasonable assumption given the large values for the eddy dift'usion constant 
which have been obtained for the middle part of the atmosphere (Conrath, 1975; 
Zurek, 1976; Kong and McElroy, 1977), the daily convection occurring within the 
lower part of the atmosphere (Gierasch and Goody, 1968, 1972; Pollack et al. , 
1979), the fact that airborne dust is uniformly mixed with height (Kahn et al. , 
1981), and the unsaturated state of the atmosphere up to a height of 10-30 km 
(Chapter II .B). Thus, any vapor exchanged one day is assumed to be uniformly 
mixed within the atmosphere by the following day. Complications such as 
possible mixing of vapor with an effective scale height ditl'erent from that of C02 
or an inversion in vapor abundance (see Chapter II) are ignored. The 
atmospheric temperature at the surface is taken to be the same as the ground 
temperature in order to determine whether saturation and condensation occurs 
at night . These temperatures are very close to each other at night, when fogs or 
frost may form (Hess et al., 1977). If the frost point is reached, the base of the 
atmosphere is assumed to hold as much vapor as it can, with no 
supersaturation or time delays present. The fog or frost which forms is not 
allowed to affect the energy budget of the surface, consistent with the small 
amounts of water involved and the low optical thickness of fog (see Pollack et 
al. , 1977) . Flasar and Goody ( 1976) predicted large opacities and significant 
energy effects because much of the atmospheric vapor was within that part of 
the lower atmosphere which undergoes diurnal variation of temperature, owing 
to their assumption of near-surface vapor concentration; these etl'ects will not 
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occur for a more-uniformly distributed vapor .. 
The model is constructed, then, with one atmospheric layer and between 
5 and 9 subsurface layers. The first (surface) layer is typically 0.2 diurnal 
thermal skin depths thick (about 0.9 em), and the thickness of the successive 
layers increases exponentially with depth. Thicker layers were needed if less 
water was adsorbed, owing to the consequent larger diffusion distances: in all 
cases, however, the layers were chosen such that the finite-difference scheme 
successfully converged and the lowermost layer was deep enough to not 
significantly atiect the seasonal behavior. The entire column conserved water, 
with no loss from the column across the bottom boundary or from the 
atmosphere. A one-day timestep was used, and the model reached a steady 
state after from three to ten Martian years, depending on the initial conditions . 
The initial distribution of adsorbed water within the regolith was chosen to be in 
approximate yearly equilibrium with an input initial amount of atmospheric 
vapor. Thus, in this one-dimensional model, the total amount of water present 
in the column is a free parameter; the model then calculates the seasonal 
variations which subsequently occur. Tests of the model using thinner layers 
and shorter timesteps were ·done, and show that no significant errors arise from 
the choice of layer size or timestep . 
It is of interest to notice that the basic model is constructed entirely 
independently from the water vapor behavior that it should predict. In no way 
do the vapor observations enter into the calculations except as an aid in fixing 
the initial amount of water present in the column. Even then, this free 
parameter essentially varies only the average atmospheric abundance predicted 
by the model: the amplitude and phase of the seasonal variation is nearly 
independent of the total amount of water in the column. Additionally, even this 
free parameter will be eliminated in the models in the following sections, such 
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that the relevant physics will be completely independent of the observations. 
Figure 31 shows the seasonal variation of atmospheric vapor at +25° 
latitude predicted by the model for various values of the diffusivity. For each 
case, the amount of water placed initially into the column is chosen such that 
the annual average-atmospheric abundance is equal to the observed average at 
this latitude. The result is that there is about 1.5 mg of water adsorbed per g of 
regolith at depth, equivalent to about 0 .2 g of water within the top meter (or 
2000 pr J.Lm of vapor if it were all placed into the atmosphere). By comparing 
the predicted variation with the temperature variation seen in Figure 30 , it can 
be seen that the water exchange closely follows the temperatures. Water is 
forced into the atmosphere during the summer and removed again during the 
winter. The effect of varying the diffusivity is twofold: First, larger values of the 
diffusivity allow more regolith to be in communication with the atmosphere, with 
larger seasonal exchange of water occurring. A diffusivity of 3.0 cm2 /s results in 
a seasonal variation of atmospheric vapor of about 20 pr J.Lm, while a diffusivity 
of 0 .1 cm2/s results in only a couple pr J.Lm variation. The observed amplitude of 
the seasonal variation at this latitude, about 10 pr J.Lm, corresponds closely to 
that predicted for D = 1.0'. cm2 /s . Second, a lower value of the diffusivity will 
result in a time delay of the vapor appearance and disappearance. For the 
range shown in Figure 31. 0.1 ~ D ~ 3.0 cm2 /s, the difference in the time of the 
vapor maximum can vary by near 30° of Ls (about two Earth months). The 
delay results from the difference in the amplitude of the response to the forcing 
function, and is analogous to that seen in the diurnal temperature response of a 
surface to forcing by insolation, where the temperature maximum occurs well 
after the maximum insolation. 
Because a surface with D = 1.0 cm2 /s can reproduce the amplitude of 
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Figure 31 : Results of the simple one-dimensional model for regolith 
exchange obtained by varying only the regolith diffusivity D. The model 
is for a latitude of +25°. and the amount of water in the total column 
(atmosphere plus regolith) is adjust ed such that the average 
atmospheric vapor abundance is about the same as is observed. 
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this di!Iusivity at other latitudes. Figure 32 shows the model variations for 
D = 1.0 compared with the observed vapor variation at latitudes of ± 45° and 
± 25°. In each case the only free parameter in the model was the amount of 
water contained within the column of atmosphere and regolith at each location; 
this value was adjusted at each latitude such that the modeled maximum vapor 
abundance was close to the observed maximum abundance. In comparing the 
relative amplitudes and phases, recall that the vapor abundances during the 
dust storm periods are lower limits due to the masking of the vapor by 
scattering of light from the atmospheric dust (see Chapter II.A); these time 
periods are approximately L. = 205° to 245° and L8 = 275° to 345°. Generally 
speaking, there is a good correspondence between the models and the data. 
Both indicate that the largest amounts of atmospheric vapor are present during 
local summer, and the models reproduce the seasonal amplitude at all of the 
latitudes shown. There are discrepancies, however, between the models and the 
data: At ± 25° latitude, the vapor abundance peaks before the model predictions. 
At ± 45°, the spring rise in vapor is well-modeled , but the fall decline predicted 
by the model is slower than is observed. That differences occur is not 
surprising, due to the lac·k of consideration given atmospheric transport of 
water and its effects on the regolith exchange. Transport and other processes 
Will be considered in more detail in following sections. 
With the southern hemisphere having the more-extreme seasons (see 
Figure 30) , it is of interest to try to understand why the southern hemisphere 
has so much less atmospheric vapor throughout the year than the north. 
Figure 33 shows the predicted vapor abundances at different latitudes assuming 
that the regolith everywhere has the same amount of water adsorbed in it. At 
depth at each latitude, 1 mg water is adsorbed per gram regolith. Not 
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Figure 33: Results of the simple one-dimensional model for regolith 
exchange, assuming that the same amount of vapor is adsorbed at depth 
at each latitude. The model assumes 1.0 mg water I g rock at depth , and 
D = 1.0 cm2 Is . The southern hemisphere abundances are all greater due 
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exchanged in the south than in the north. As much as 60 pr p.m of vapor would 
appear in the south at -45° latitude, compared to only 10 pr p.m at +45°. The 
observed abundances indicate that more than 30 pr p.m appears at +45°, as 
compared to only about 15 pr p.m at -45° (Chapter II.A). This immediately 
suggests that the regolith in the south must be depleted in water relative to the 
regolith in the north or that exchange in the south is hindered by a lower 
regolith diffusivity. A lower diffusivity may be tied to the difference in surface 
properties between the two hemispheres, as reflected in the map of thermal 
inertia (Palluconi and Kieffer, 1981) . If the south, is depleted in regolith water 
near the surface, it may be related to the fact that the north residual polar cap 
is a seasonal source for vapor while the south cap is a sink at all seasons (during 
the year seen by Viking) , thereby depleting the atmosphere in the south of vapor 
relative to the north. In fact, the southern regolith will be depleted of adsorbed 
water relative to the north independent of whether significant seasonal 
exchange of water with the regolith occurs. This is because exchange will occur 
on some (longer) timescale, and the regolith will seek to be in equilibrium with 
the overlying atmosphere. The relative dearth of atmospheric vapor seen in the 
south will eventually translQte into a marked decrease in adsorbed water in the 
south. 
The seasonal profile of adsorbed water within the regolith can be 
examined in these models in order to determine the exchange skin depth, as 
mentioned in the previous section. Figure 34 shows the fractional seasonal 
change of adsorbed water at each depth in the regolith for various values of D . 
The range in effective e-fold skin depths near the surface is from about 2 em for 
D = 0.1 cm2 /s to about 5 em for D = 1.0 cm2 /s. It is not immediately clear why 
the e-fold distance should initially be larger for the D = 1.0 case than for 
D = 3.0 . This may be related to the larger absolute value of exchange occurring 
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Figure 34: The seasonal variation of the amount of water adsorbed as a 
function of depth for various values of D. The variation is expressed as 
the fractional variation at each depth. The models are calculated for 
+25° latitude. The e-fold skin depths near the surface range from about 
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for D = 3.0; or to the fact that difiusion is much more rapid in this case, such 
that a thicker near-surface layer would be essentially in equilibrium with the 
atmosphere. In any case, this behavior reverts deeper down to what is expected 
a priori, with the D = 3.0 regolith undergoing the larger seasonal variations in 
adsorbed water. These adsorption skin depths are all comparable to the daily 
thermal diffusion skin depth of about 5 em (Kieffer, 1976), and much less than 
the annual thermal diffusion depth of about 1.3 m . It is for this reason that 
seasonal-wave thermal gradients have been ignored in the model. 
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4. One-dimensional Model with Boundary Conditions 
The model discussed in the previous section suffers from its inability to 
include numerous processes which undoubtedly occur. Possibly the most 
significant of these will be the transport of water vapor from place to place due 
to the circulation of the atmosphere. Mass transport is a relatively rapid 
process (e.g ., Pollack et al., 1981), and the water vapor would be expected to 
follow along, except possibly where saturation and condensation occur. This 
transported water will somehow feed back into the process of regolith exchange, 
thereby either enhancing or reducing the amount of water exchanged 
(depending on whether transport is increasing or decreasing the local vapor 
abundance) . Whatever processes may be acting on the surface and atmosphere, 
they must combine to produce the atmospheric vapor abundances which are 
observed. The observed abundances can therefore be used as boundary 
conditions to calculate the amount of water exchanged with the regolith 
throughout the year. 
The model used to calculate this exchange is identical to that in the 
previous section, except that the observed vapor abundance at a given season is 
used in the calculations of the fiux of water across the surface boundary, rather 
than using a vapor abundance calculated from the previous history of the 
regolith and atmosphere at that latitude. Figure 35 shows a contour 
representation of the boundary condition used. This was obtained from a 
smooth and continuous line drawn through the observed vapor abundances at 
each latitude as a function of time. These boundary conditions can also be seen 
in Figure 36, with the dashed line showing the seasonal behavior at each 
latitude. The only significant uncertainties in these abundances are during the 
times of the global dust storms, when the actual abundances were uncertain for 
several months . The abundances used are obtained so as to be consistent with 
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Figure 35: Contour plot of the amount of atmospheric vapor at each 
latitude and season, obtained from a smooth line drawn through the 
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Figure 36: Results of the one-dimensional model using appropriate 
boundary conditions. The dashed line represents the boundary 
condition of atmospheric vapor as a function of season at each latitude 
(as also contoured in Figure 35). The solid lines represent the time 
integral of the surface tlux of vapor at each latitude for several values of 
D, and are a measure of the amount of vapor in the atmosphere which 
would have been contributed from the subsurface. The differences of the 
models from the observations (dashed lines) are indicative of the 
importance of processes not yet considered, including transport due to 
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the dust storms producing no significant effects on the vapor in the north, and 
with the seasonal decline in the south (which is partly masked by dust) being 
approximately symmetric with the seasonal rise at each latitude. Comparing 
the dashed lines in Figure 36 with the observed abundances in Figure 2 (Chapter 
II.A) shows that the chosen boundary conditions are a reasonable approximation 
to the data. Additionally, the shape of the contours in Figure 35 is consistent 
with those obtained by Davies ( 1981 ), who tried to correct for the dust 
obscuration effects using a model of atmospheric scattering. 
The output of the model now is the surface fiux of vapor as a function of 
season. Notice that for a given value of D, this model has no free parameters at 
all. If too much water is initially placed in the regolith relative to what should 
be in equilibrium with the atmosphere, there will be a net loss of water from the 
subsurface the first year, and the excess water will be lost from the system. 
Similarly, if too little water is chosen initially, there will be a net gain. The 
model then iterates until the net annual tlux across the surface is nearly zero, 
and a steady state is reached. 
Integrating the surface tlux over time produces a measure of the amount 
of water which has come·· from the regolith at each season. These vapor 
abundances are compared with the observed seasonal variation in Figure 36. At 
most latitudes, a diffusivity of 3.0 cm2 /s results in more water exchanging 
seasonally with the regolith than is observed in the atmosphere. In order for 
this model to be valid, transport must remove the excess water to other 
latitudes. A diffusivity of 0 .1 cm2 Is results in only a fraction of the seasonal 
variation possibly being due to the regolith. This model can be valid only if 
transport can supply the necessary water to make up the difference. That the 
models for exchange do not match the observations at most latitudes is again 
indicative of the fact that atmospheric transport must be important in the 
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vapor cycle. 
The most-poleward latitudes shown in Figure 36 indicate, as before , tha t 
the regolith will supply the largest amounts of water during local summer. This 
results predominantly from the regolith temperature variations. The amount of 
vapor in the atmosphere also teeds back into the exchange - when the 
atmospheric vapor increases rapidly, the effect is to inhibit water from corning 
out of the regolith, or to actually force water back into the regolith, despite the 
increasing surface temperatures . This effect can be seen in Figure 36 at +45° 
latitude. The sudden increase in vapor abundance near Ls = 120°, presumably 
caused by transport of vapor in from the polar regions, actually forces water 
back into the regolith. As the abundance then decreases , water is allowed again 
to come out of the regolith. 
The band at + 15° shows the least seasonal exchange, due to the very 
small variation of temperature with season (Figure 30) and of observed vapor 
abundance with season (Figure 36). In fact, exchange here occurs twice yearly, 
as temperature rises occur during both northern and southern summer, with 
declines during the fall and spring. 
The modeled seasonal rise and fall of vapor at most northern latitudes is 
much less sharp than the observed variations in abundance. This results from 
the slow seasonal variation of surface temperatures, and the subsequent slow 
response of the water; and from the fact that some of the sharpness in the 
observed peak may be from water corning from the polar caps (see Chapter II.A) . 
An additional complication will occur if the vapor is distributed to different 
heights in the atmosphere at different seasons (see Chapter II.B). Changing the 
vertical distribution has the effect of changing the surface concentration of 
water molecules, and will either pump water into or out of the regolith, even at a 
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constant regolith temperature. Thus, if the vertical distribution changes in the 
proper manner, it could easily drive the water into the regolith as rapidly at the 
end of summer in the north as is observed. This point will be discussed in more 
detail in Chapter III .B. 
It is obvious from Figure 36 that the regolith can indeed supply large 
amounts of water to the atmosphere seasonally. That the regolith does not 
uniquely explain or reproduce the seasonal variations observed indicates that 
transport must also play a significant role, as would be expected. Models that 
include both processes acting simultaneously will be discussed in Chapter III.B. 
The models shown in Figure 36 are produced by reaching a steady state. 
with no free parameters. Therefore, the amount of water adsorbed in tht· 
regolith should be in equilibrium with the observed vapor abundance at eac:t 
latitude (independent of D) . The latitudinal gradient of the adsorbed watu 
abundance is seen in Figure 37. The regolith in the north has much more water 
adsorbed than in the south. This is due both to the larger vapor abundances in 
the north and to the more-extreme seasons in the south, as discussed in the 
previous section. Again, these results will hold independent of D, so long as the 
timescale to diffuse into the regolith is more rapid than the timescale for 
changing the seasonal behavior. 
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Figure 37: The latitudinal gradient of the amount of water adsorbed at 
depth (mg of water per g rock) . These results are obtained from the one-
dimensional model with atmospheric boundary conditions, and represent 
the subsurface abundance of water independent of the value forD which 
is appropriate. If the regolith were composed of a clay mineral (such as 
montmorillonite), the values for the amount of adsorbed water would be 
about 100 times greater at each latitude. 
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5. Discussion 
It is apparent from the models presented in the last several sections that 
large amounts of water can exchange seasonally between the atmosphere and 
regolith on Mars. Because it is unlikely that D ~ 0.1 cm2 /s (Flasar and Goody, 
1976), exchange of vapor must account for at least 10% of the seasonal variation 
of vapor in the regions discussed. For the largest possible values for D 
(~ 3.0 cm2 /s), exchange with the regolith results in more water variation locally 
than is observed; atmospheric transport must then make up for this excess. In 
fact, the timing of the appearance and disappearance of water due to the 
regolith does not coincide with the observed variation of vapor except in the 
more-poleward regions, such that transport must play an important role. The 
degree to which water actually will exchange will depend on the value for D 
which applies to the Mars regolith, as well as on possible variations in D from 
place to place. 
The large amounts of dust which are emplaced yearly into the 
atmosphere during the global dust storms (e.g. Conrath, 1975: Pollack et al. , 
1977, 1979) are evidence of a loosely-packed, un-cemented surface which would 
be conducive to diffusion. Deposition of dust has been observed at the Viking 
landing sites (Guinness et al., 1979) , arguing that the porous surface is to some 
degree widespread over the planet. The thermal inertias measured for the 
planet range from 1 up to about 20 x 10-3 cal!cm2 -s* -K (Palluconi and Kieffer. 
1981). These values are much lower than the values which would be measure(t 
for any solid rock, about 45. to 60. x 1 o-s (Carslaw and Jaeger, 1959), and ar3 
consistent with a porous medium (see Wechsler and Glaser, 1965; Wechsler et aL, 
1972) with some rocks on the surface (Jakosky, 1979: Christensen, 1982) . The 
low values of thermal inertia also rule out well-cemented particulates which 
might have low vapor diffusivities. 
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These observations all imply that Mars is covered globally with a porous 
surface that is capable of allowing significant ditiusion of vapor. Because 
adsorption will occur on all particulate surfaces, in a strongly temperature- and 
pressure-dependent manner, seasonal exchange of water between the 
atmosphere and regolith must occur. The importance of this process to the 
seasonal water cycle , relative to exchange of water with the polar caps, will 
depend on the value of D which is appropriate. The relative importance of these 
processes will be discussed in the next section. 
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III.B. Coupled Models of the Regolith, the Polar Caps, 
and Atmospheric Transport 
1. Introduction 
In the previous section it was seen that seasonal exchange of water 
between the regolith and atmosphere provides more than about 10% of the 
seasonal water and possibly as much as about 150%, depending on what value of 
the regolith diffusivity D is appropriate . Because the timing and rate of the 
release of this water into the atmosphere did not coincide with the appearance 
and disappearance of atmospheric vapor observed at all latitudes it is apparent 
that transport of vapor must play an important role in the seasonal water cycle. 
In the following sections, simple models of meridional transport of vapor 
are developed and applied to the seasonal movemen~ of vapor . The basic model 
is a simple climate-type model similar to those used in the meridional transport 
of energy in the atmospheres of both Earth and Mars (see, for instance, Sellers , 
1969; North, 1975; Budyko, 1977; James and North, 1982; and many others) . 
Transport of vapor is assumed to be in the down-gradient direction, with an 
effective transport time c~nstant or atmospheric diffusivity. This model will 
then be coupled to a model of regolith exchange at each latitude, in order to see 
the combined effects of both processes. The behavior of water vapor over the 
polar caps must also be taken into account in any global model; based on the 
Viking observations (see Chapter II.A) the north residual cap will act as a source 
of water during the summer and a s ink during the winter, and the south cap as 
a sink at all seasons. The seasonal polar caps in both hemispheres will act as a 
sink for vapor whenever C02 is present but will release the frost as the cap 
retreats . 
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By constructing coupled models which incorporate all of the major 
processes for affecting the seasonal water cycle, it will be possible to examine 
the relative importance of each of the processes in supplying the seasonal water. 
The strength of the conclusions reached will rest on the validity of the 
assumptions built into the several models, the ability of the models to 
reproduce vapor behavior like that observed, and the uncertainties in the known 
properties of the regolith and atmosphere. 
The next section contains a discussion of the behavior of the simple 
model for the meridional transport of vapor, including possible values for the 
atmospheric mixing constant as derived from models and observations of the 
atmospheric circulation. The two sections following contain the results of the 
models which incorporate the regolith and polar caps as well as atmospheric 
mixing. In the last section of this chapter, the results regarding the physical 
properties of the atmosphere and regolith and the relative importance of the 
various processes will be discussed . Also included here is a discussion of the 
implications of these models for the behavior of water on the "' 1 05-year 
timescale of the orbital obliquity variations (Ward, 1979) . 
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2. Estimates of Global Atmospheric Mixing Times 
In the atmospheric transport formulation used here, movement is quasi-
di1Iusive, with vapor going down the gradient of total atmospheric column 
abundance of vapor. The parameter used to describe the rate of this transport 
is the atmospheric time constant, T11 , which is the e-folding time during which 
the vapor in two adjacent 10° wide latitude bands will mix together and the 
column vapor abundances of the two bands will approach the same intermediate 
value (as determined using the appropriate spherical geometry) . In this section, 
estimates of this mixing time will be obtained using both observations and 
models of the Mars atmospheric circulation. 
The most detailed models of the Mars atmosphere are the three-
dimensional global circulation models by Pollack et al. (1976, 1981), Leovy and 
Mintz ( 1969), and Moriyama and lwashima {1980), and the two-dimensional 
(axisymmetric) model by Haberle et al. (1980). These models are full solutions 
to the equations of motion for the atmosphere with appropriate heating and 
cooling terms. They have been run at several different seasons for Mars (see 
Table 7) and generally show an equatorial Hadley cell as the predominant form 
of advection. Hadley-cell circulation will produce down-gradient transport of 
vapor if and only if the water is uniformly mixed vertically; for instance, if the 
water is all located in one branch of the cell, transport will go in the direction of 
the motion in that branch, independent of the gradient. The maximum 
meridional velocity in the region of the Hadley cell allows an estimate of the 
global mixing time T11 to be made. The maximum velocities obtained by the 
various models for the lower branch of the cell are given in Table 7 , along with 
the corresponding time that such a wind would take to travel 10° in latitude. 
The transport times range from about * to 3* days, depending on the season 
and on the amount of dust in the atmosphere. These numbers are based on the 
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Table 7. Results from Atmospheric Circulation Models 
(see text for details). 
Transport 
Model Ls (") Velocity (mls) Time (days) 
Pollack et al. 100 6 1.1 
Leovy and Mintz 270 8 0 .8 
0 2 3 .4 
Haberle et al. 270 7-11· o.9-o.6• 
Moriyama and Iwashima 0 2 3 .4 








maximum velocities, however, and the average velocity of the lower branch will 
be about half these values, with a corresponding increase in the appropriate 
value for 7"11 , as listed in Table 7. Estimates for 'Ta thus lie within the range 
1 ~ 'Ta ~ 7 days, again depending on season and dust opacity. 
The energy balance climate model for Mars by James and North (1982) 
also allows an estimate of 'Ta to be made. Their model incorporates the 
sublimation and condensation of C02 on the polar caps, and they attempt to find 
a self-consistent set of parameters (polar cap albedo and emissivity, 
atmospheric mixing constant, and surface and atmospheric emissivity} that 
provides the proper polar energy balance and hence reproduces the annual 
variation of atmospheric pressure. While unable to accurately reproduce the 
curve with a simple model, their best fit occurs with an effective atmospheric 
diffusivity of Da = 0.004 w/m2 -K. Da may be converted to the equivalent 'T11 via: 
'Ta = (B) 
where H is the atmospheric scale height, p and Cp the atmospheric density and 
specific heat, respectively, and A 8 the distance diffused (in this case 
lOa = 0 .175 r) . Using p = :1.5 x 10--e g/cm3, H = 104 m, and c; = 845. J /kg-K 
results in T 11 l=::j 5 days. Because their model is not very sensitive to the value of 
Du.. this result may be off by as much as an order of magnitude (James and 
North, 1982); it is consistent, however, with the other values determined here. 
An additional estimate of the rate of mixing can be made from the 
observations of baroclinic waves in the more-poleward regions of the Mars 
atmosphere. Observations of 3 to 6 day periodicities in the weather (pressure, 
temperature, and wind velocity) at the Viking landing sites have been 
interpreted as indicating the presence of baroclinic waves passing to the north 
of the sites (Ryan et al., 1978; Sharman and Ryan, 1980; Barnes, 1980, 1981). 
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Although the axisymmetric part of the atmospheric circulation is very weak this 
far to the north (e.g., Pollack et al., 1981; Haberle et al., 1980), this non-
axisymmetric part may be important in the transport of water vapor. Estimates 
of the peak-to-peak amplitude of the meridional part of the geostrophic wind, 
made from the several-day pressure oscillations, are in the range of about 5-
12 m/s during northern winter (Ryan et al., 1978). These values would translate 
into atmospheric advection times of 7"11 :::! 2-6 days. However, the occurrence of 
these waves is very seasonally-dependent, with the greatest activity in the north 
occurring during northern winter and with almost no activity during northern 
summer (see Hess et al., 1979), such that 7"11 might be significantly longer during 
other seasons. 
From the above discussion of various models and observations, it is 
apparent that the transport of C02 and heat occurs with mixing times 7"11 of 
roughly 1-7 days. (There are still uncertainties in these values, however; for 
instance, Hamilton ( 1982) suggests that atmospheric tides induced by solar 
heating of airborne dust may strongly enhance the mixing beyond that 
predicted by the current models.) The transport of water vapor would generally 
be expected to follow that' of the C02 or of heat (see Leovy, 1973), such that 
these values of 7"11 would also be appropriate for calculating the vapor 
movement. The situation is potentially more complicated than this, however; 
for instance, baroclinic waves may be totally ineffective in producing a net 
meridional transport of vapor unless there is a source or a sink for water within 
the extremes in latitude to which the wave extends, or may transport the vapor 
up-gradient depending on the superposition of the wave pattern with any 
longitudinal structure of the water abundance. The values calculated here are 
only intended as a rough guide to what is plausible, and as a check against 
which the values of 7"11 obtained in the global models for water can be compared. 
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Although it is obviously a gross oversimpliftcation, the models developed in the 
next two sections will have ;CJ =constant, both spatially and temporally. Thus , 
there is no enhanced mixing included during the dust storm periods ; this is to 
first order consistent with the models by Haberle et al. (1980), which show only a 
50% variation of mixing rates within the bulk atmosphere due to dust opacity 
(see Table 7) . 
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3. Mid-latitude and Equatorial Processes and Models 
Between the most-equatorward excursion of the polar caps, the only 
processes which can be important in the water vapor cycle are exchange of 
water with the regolith and transport of vapor through the atmosphere. Of 
course, vapor can also be transported into or out of this region entirely, 
exchanging with the more-poleward atmosphere. In this section, coupled models 
of transport and regolith exchange are constructed for the region between -40° 
and +50° latitude. The seasonal C02 cap generally does not extend into this 
region at any season (see, for instance, James, 1979, and James et al., 1979), and 
complications regarding the seasonal behavior of the cap and exchange of water 
with the cap need not be considered. In the next section models will be 
discussed which do extend from pole to pole and which deal with the behavior of 
the caps. 
In this mid-latitudes model. meridional transport of vapor is as 
discussed in the previous section, moving down the local gradient in column 
abundance with time constant 7'11 • The observed column abundances as a 
function of season are used as boundary conditions at the north and south 
borders of the region; these take the form of the smoothed lines through the 
data at -45° and +55° latitude as shown in Figure 35. In this way, whatever is 
occurring poleward of -40° and +50° vis-1!.-vis the vapor abundances and the 
behavior of the polar caps is implicitly included in this model. At each time step 
in the model. the tlux of vapor into and out of each 10° wide atmospheric bin 
due to exchange with the two adjacent atmospheric bins is calculated using the 
time constant 7'11 • 
The process of exchange of water with the regolith is included by using a 
look-up table to obtain the tlux of water vapor across the surface-atmosphere 
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boundary at each time step. The fluxes used are those discussed in Chapter III.A 
and presented in integrated form in Figure 36. These fluxes were calculated 
using the observed abundance as a function of season as boundary conditions; if 
the results of a model which incorporates the regolith do not agree with the 
observations, the fluxes may be slightly in error for that model. Of course, if the 
model does nearly reproduce the observations, the fluxes are correct and the 
model is entirely self-consistent. 
After the vertical and horizontal fluxes of vapor are calculated at each 
time step, they are applied to produce a new vapor distribution at the next step. 
The time step used is one Mars day, and the model is iterated for from two to six 
Mars years until a steady state is reached. 
Figure 35 shows the smoothed version of the data against which models 
will be compared. In these mid-latitude models, only the region between the 
horizontal dashed lines is considered. The interesting features which a model 
should reproduce include: the maximum in vapor abundance at +50° latitude at 
L. R:t 130°, and the increased delay in the time of the maximum and the 
decreasing maximum abundance at each latitude closer to the equator; the 
southern-boundary maximum near L. R:t 270°; and the first increase in vapor 
nearer to the equator rather than nearer to the edge of the receding north 
polar cap as northern summer approaches. Of course, no quasi-diffusive model 
like those considered here can reproduce this early rise as a result of transport 
of vapor only, as vapor always moves down-gradient and the source of the 
transported vapor is in the north polar region. It remains to be seen, however, 
whether models which include the regolith can produce this type of behavior. 
To quantitatively compare the results of a particular model run with the 
observations, a correlation coefficient between the two is calculated. The model 
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is output as an array of the column vapor abundance at nine latitudes (-35a to 
+45° in 10° steps) and 67 times of year (every ten Martian days). These are 
compared with a similar array representing the observations (shown contoured 
in Figure 35). A perfect correlation would yield a coefficient of 1.0, while no 
correlation at all would obtain a coefficient of 0 .0. In essence, the coefficient is a 
measure of the deviation from the best-fit straight line which results if the 
model points are plotted versus the corresponding data points. This method of 
comparison is limited because all of the 603 points used in the calculation are 
not independent of each other. because errors or uncertainties of the same 
fraction magnitude produce different effects at different vapor abundances, and 
because it does not measure deviation from unity of the slope of the line 
through the points . It does, however, provide a single number estimate of the fit 
of the model to the data. Most of the results which will be obtained via this 
coefficient would also be apparent in comparing the model results directly with 
the observations. 
The model was run for various combinations of the parameters 7'" and D, 
and the results are shown as a plot of the resulting correlation coefficient in 
Figure 38. The best fit obtained was forD = 0 and T" = 6 days, with a correlation 
coefficient ex= 0.91. By comparing the various models, it can be understood 
what features are really being "fit." Figure 39 shows the model results for D = 0 
and several values of Tm· All of them show vapor being carried into the region 
from the north and from the south during their respective summers, and being 
carried off into the north and into the south during their respective winters . 
This is exactly what is expected as a result of the imposed boundary conditions 
at -45° and +55° latitude. The largest difference between the several models is 
the speed with which the vapor transports into and out of the region. This is 




Figure 38: Contour plot of the correlation coefficient obtained 
comparing the data with·the mid-latitude/equatorial model for coupled 
behavior of atmospheric transport and regolith exchange. Values are 
shown as a function of the regolith vapor dit'Iusivity D and the 
meridional transport time constant 'iG . See text for details. 
204 
(c ) T 0 =6. 
(b) T0 =3. (e) T 0 = 30. 
(a) T0 = I. (d) To = 10 . 
Figure 39: Results of the mid-latitude/equatorial coupled model for 
D = 0 and various values of T11 • The contours are column vapor 
abundances (pr J.Lm), and should be compared with the observations as 
presented in Figure 35. 
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abundance at each latitude, extending toward the equator from the northern 
boundary. More rapid transport results in this line being more nearly vertical. 
while slower transport yields a more-horizontal line. By comparing the models 
in Figure 39 with the data in Figure 35, it can be seen that this line in the 
models most closely matches that in the data for 7'a = 6 days. Given the 
uncertainty and scatter in the data, however, the models for -ra = 3 and 
7'a = 10 days cannot be ruled out. These values of 7'a all fall within the range 
expected on the basis of more-complex circulation models and observations of 
the Mars atmosphere, as discussed in the previous section; this lends credence 
to the idea that the simple parameterization of the atmospheric circulation 
used here is sufficient to account for most of the vapor transport, as well as to 
the idea that transport is very important in the seasonal vapor cycle. 
These models (3 ~ 7'a ~ 10 days, D = 0) all yield a correlation coefficient 
a.> O.BB; it might reasonably be expected, then, that any model. even those 
incorporating regolith exchange, which results in a. > O.BB would also be 
consistent with the data and could not be ruled out. As seen in Figure 38, this 
excludes models which incorporate the regolith if D > 1.0 cm2 /s, and 
encompasses roughly the range of values 3 ~ 7'a ~ 10 days and 
0 ~ D ~ 1.0 cm2 /s . Figure 40 shows the results of models that have 7'a = 3 days 
and D ranging from 0. to 3.0 cm2 /s. The major effect of increasing D is to 
increase the amplitude of the seasonal variation near the north and south 
borders of the region. As the amplitude increases, the model tends to deviate 
more from behavior like the data, such that a. decreases also. Although the 
best-fit model has no regolith exchange, the range of satisfactory models 
includes those that do include regolith exchange. 
All of the models within this range are capable of explaining the gross 




(b) 0 : 0 .3 (d) 0= 3.0 
(a ) 0= 0 .1 (c) 0 = 1.0 
Figure 40: Results of the mid-latitude/equatorial coupled model for 
'Tg = 3 days and various values of D . 
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each latitude. More-subtle features can also be examined, including the first 
rise in seasonal vapor being nearer to the equator. Dynamical effects cannot 
entirely be ruled out in explaining this effect. There are numerous examples of 
apparent up-gradient atmospheric transport and the subsequent concentration 
of a species away from its source (for instance, the global behavior of ozone on 
Earth, volcanic dust in the Earth's stratosphere, or water in the Earth's tropic 
regions). On Mars, circulation could conceivably create the maximum away 
from the polar cap edge if the water was transported south near the surface and 
upwelled and was concentrated at a low-latitude null in the circulation. The 
atmospheric circulation at this time likely does not have a well-defined null 
within this latitude range (see Leavy and Mintz, 1969; Pollack et al., 1981 ), such 
that a dynamical cause is unlikely, however. 
The dashed line in Figure 35 shows the contour that goes through the 
"saddle point" in the data prior to the northern spring vapor increase. That the 
line extending upward also goes toward the right indicates that the first 
increase in vapor occurs nearer to the equator, as already pointed out. This 
type of behavior also shows up in some of the model results. In Figure 40 this 
line extends toward the right for D ~ 0.3 cm2 /s. Of course, the models with 
D = 0 (Figure 39) do not show this behavior. In ( 7'11 ,D) space, the range of 
models with this type of behavior is 1.0 ~ 7'11 ~ 10 days and D ~ 0.3 cm2 /s. In 
none of the models is the result as marked as the observations, however; the 
greatest effect obtained in the models can be seen in Figure 40, with 7'11 = 3.0, 
D = 1.0. Also, the models that produce the correct first increase in vapor have a 
larger-than-observed amplitude in the seasonal vapor curve at some latitudes. 
This may be an artifact of the way in which the surface fiuxes are calculated in 
this type of model (see the next section, dealing with the pole-to-pole models) . 
It is significant that the models which do incorporate regolith exchange can 
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reproduce in part this earlier rise of vapor near the equator; there is no reason 
a priori that this should be the case -the variation of temperature with latitude 
and season shows no marked variation within this region (Kieffer et al., 1977; 
Figure 30), and models with regolith exchange could easily have not reproduced 
this type of behavior. 
To sum up the results of the models as regards the possible parameter 
values, the behavior of the models is consistent with the observations for 7'11 and 
D that fall within the range 3 s 7'11 s 10 days and 0 s D s 1.0 cm2 /s, 
respectively. If the first increase in vapor nearer the equator is not a dynamical 
effect but actually signifies the contribution from the regolith, then a range for 
D of 0.3 s D s 1.0 cm2 /sis indicated. 
The relative importance of the regolith versus transport can be assessed 
for this region of the planet given this range of the parameters. Figure 41 shows 
the relative contributions to the seasonal cycle for various values of 1'11 and D . 
Given their range as above, it is seen that transport of vapor in from the polar 
regions supplies 12-28 units of vapor, while the regolith supplies 14-26. Thus, 
they contribute about equally to the cycle (to within a factor of two depending 
on what values for the parameters actually apply) . Of course, the vapor 
transported in from the polar regions may also be coming from a source of 
adsorbed water within the regolith, or it may be supplied from ice deposits on 
the polar caps; this question will be addressed in the next section. 
In Chapter ll .A it was pointed out that there would be a net transport of 
vapor toward the south resulting from the annual gradient of vapor with 
latitude. This water would come from the north residual cap and would 
ultimately deposit onto the south residual cap, resulting in long-term exchange 
of water between the caps. The model discussed here allow an estimate to be 
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Figure 41: The relative importance of exchange of water with the 
regolith and atmospheric transport in producing the seasonal variation 
of water within the mid-latitude/equatorial region, shown as a function 
of T11 (in days) and D (in cm2 /s). The axes are in units of 1.26 x 10
13 g 
(or pr J.Lm in the equatorial 10° latitude band), and represent water 
brought into the atmosphere in the region from the subsurface or from 
more-poleward regions. The inferred values of 0 .3 ~ D ~ 1.0 and 
3 ~ T11 ~ 10 imply that transport and regolith exchange supply roughly 
the same amount of water. 
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made of the amount of water moved south each year. For 3 s -r s 10 days , the 
mass of water transported toward the south is in the range 
1.4 x 1014 s m s 4.1 x 1014 g/yr. -r = 5 corresponds to m = 1.8 x 1014 g/yr . 
This compares with the upper limit obtained earlier of ..... 4 x 1014 g/yr (see 
Chapter II .A). If 1.8 x 1014 g water were removed from the north cap each year, 
it would correspond to removal of a layer of ice about 60 m deep from the cap 
over the course of 105 years . This is comparable to the thickness of the 
individual laminae in the polar layered terrain (Cutts et al., 1979) . As the layers 
are thought to form one per 105-year cycle of the orbital obliquity (e .g., Pollack, 
1979), it is apparent that the long-term exchange of water between the caps may 
be significant in the formation and evolution of this terrain. 
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4. Global Processes and Models 
In the previous section, models of the water behavior were constructed 
which included only the region between the maximum equatorward extent of the 
polar caps. This limitation enabled results to be obtained that were not 
dependent on an understanding of the behavior of the polar caps. In this 
section, a complete model is developed which will extend from pole to pole, 
including the seasonal advance and retreat of the polar caps. Results can then 
be obtained regarding the relative importance on a global scale of the various 
processes controlling the vapor cycle. 
In this global model. the atmosphere and regolith are fully-coupled in 
terms of exchange of vapor (rather than coupling the atmosphere with the 
surface ftuxes as was done in the mid-latitudes model) . Thus , the complete 
model consists of an atmospheric layer and five subsurface layers at each of 18 
latitudes. Each atmospheric box can communicate with the adjacent 
atmospheric boxes, exchanging vapor with timescale -ra. (as described before) . 
Each atmospheric box can also exchange water with the regolith: this exchange 
is determined by the vertical number density gradient, which is governed by the 
amount of vapor in the atmosphere, by the amount of adsorbed water in the 
regolith, and by the subsurface temperatures. The regolith part of the model is 
essentially identical to the one-dimensional model with boundary conditions 
(see Chapter III.A), except that the atmospheric boundary condition now 
depends on the past history of the model rather than on the observed vapor 
behavior, and is therefore independent of the water vapor observations. 
The seasonal advance of the C02 polar caps is that predicted by the 
thermal model of Kieffer et al. (1977). Because that model does not accurately 
predict the retreat of the caps (see Kieffer, 1979) , the observed recession 
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(James, 1979; James et al.. 1979) was included in the model. This was done by 
artificially removing any excess C02 ice from the surface at the appropriate 
seasons and recalculating the surface temperatures at each season. 
Water vapor is allowed to condense onto the ground as ice whenever solid 
C02 is also present on the surface; the atmospheric water vapor above the C02 
depletes with an e-fold time .,., . The resulting models are relatively insensitive to 
the value of -r1 , and -r1 = 7'11 was used most often. This formulation is an 
oversimplification in that it is of course possible for water frost to be present on 
the surface even if C02 frost is not. At most seasons and at most non-polar 
latitudes, however, the surface warms sufficiently during the day, in the absence 
of C02 ice to butter the temperatures , that significant water ice cannot remain 
on the ground. Water ice was inferred to be present at the VL-2 site when C02 ice 
probably was not (Jones et al., 1979), but the deposits there do not contain a 
significant amount of water relative to the global vapor budget (see Chapter 
II.A). As the model C02 cap retreats, water ice on the cap is placed back into the 
atmosphere, essentially instantaneously. The retreat of the cap past a 
particular 10° latitude bin is linear with time, and an amount of water which is 
proportionate to_ the fracti-on of the bin exposed is lost from the surface at each 
time step. 
It is the boundary conditions at the north and south poles, in a sense, 
which drive the system. The southernmost latitude bin is taken to be a sink for 
vapor at all seasons, consistent with the perennial C02 covering observed in the 
south during the Viking year (Kiefier, 1979; Paige, 1981). The vapor abundance 
in the northernmost latitude bin is constrained by the observations (see Figure 
2 or Figure 35) . Account is thereby taken of the fact that the north residual cap 
acts as a source for vapor during the summer (Farmer et al., 1976). 
Uncertainties in the processes controlling the vapor abundance over the cap 
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(such as saturation temperatures or vapor abundances, the polar cap albedo, 
etc.) make it difficult to calculate a pri.ari the amount of water sublimed off the 
cap each summer (see, however, Toon et al., 1980); it is for this reason that the 
observed vapor abundances were used as the northern boundary condition. 
The model is iterated for ten Martian years using a one Mars day 
timestep (which includes, however, the diurnal temperature variations within 
the regolith, as discussed earlier) . This time is sufficiently long for the system 
to reach a steady state. Possible year-to-year variations in the various 
processes or the vapor behavior (see Chapter II.C) are ignored, and transport of 
water in non-vapor states is not included. 
The models are compared with the observations (as represented by 
Figure 35) using a correlation coefficient similar to that described in the 
previous section. The coefficient measures the deviations from linear of a plot 
of the 1206 model points (18 latitudes by 67 times of year) versus the 
corresponding data points. Calculations were done several ways, including with 
no weighting scheme, normalizing each latitude band to its annual average 
(thereby examining only the shapes of the resulting seasonal curves), and 
weighting each latitude band by its area (cosine of latitude). The resulting 
coefficients were all quantitatively similar and show the same general trends: for 
simplicity, only those coefficients calculated with no weighting will be discussed. 
Figure 42 shows the time evolution for one model of the resulting 
correlation coefficient and of the r .m .s. net tlux of vapor from the sub-surface 
into the atmosphere. 1f the net surface tlux is less than about one pr J.Lm at a 
latitude band in a year, the resulting vapor behavior is essentially 
indistinguishable from that with zero ftux. The figure shows that the system has 
essentially reached a steady state after ten years. Comparison of the resulting 
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Figure 42: Time-evolution of the global model. showing the behavior of 
the correlation coefficient and of the net ftux from the surface. A nearly-
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vapor abundances output in two consecutive years shows this same 
repeatability. 
Figure 43 shows the resultant correlation coefficient as a function of the 
atmospheric mixing time constant 7'11 and the regolith dit!usiVity D . The best-
fitting model calculated is with 1 11 = 2.5 days and D = 1.0 cm2 /s. Discussion 
follows regarding what the dit!erences between the various models are and which 
models can be ruled out, if any. 
Figure 44a-c shows the results of several of the models, in the form of 
contours of the vapor abundance as a function of latitude and season. These 
models all have D = 0 and different values of 7'11 • The general trend in all of 
them is to produce the most vapor during local summer, due to the release of 
the vapor from the seasonal and residual (north only) polar caps. The non-
smooth behaVior seen in some places as vapor abundances increase results 
from the stepwise release of vapor into the atmosphere from the edge of the 
retreating polar cap, despite efforts to minimize this effect. Again, the biggest 
dit!erence between these models is the speed with which vapor migrates from 
the polar regions toward the equator. Comparison of these plots with Figure 35 
shows this to be the largest single effect in producing a good or poor fit. 
Certainly, the case 1 11 = 10 days can be ruled out due to the inability of 
water to reach the equatorial region (compare Figure 44 and Figure 35). 
Interestingly, the global model for vapor presented by DaVies (1981) would seem 
to be in a sense a subset of those considered here (although a very different set 
of assumptions controls the polar regions). His non-dust storm effective 
atmospheric diffusivity of 2. x 105 m-deg/day corresponds to Ia in the 
formulation here of 30. days (similarly, his values of 107 and 3 x 106 m-deg/day 









Figure 43: Contour plot of the correlation coefficient obtained 
comparing the data with the global model for coupled behavior of 
atmospheric transport and regolith exchange. Values are shown as a 
function of the regolith vapor diffusivity D and the meridional transport 
time constant 7' a. . See text for details. 
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Figure 44: Results of the global coupled model for D = 0 and various 
values of 'Ta . The contours are column vapor abundance (pr ,urn), and 
should be compared with the observations presented in Figure 35. (a) 




































respectively). This low mixing explains the inability of his model to reproduce 
the amplitude of the non-polar regions' vapor behavior, while the good 
agreement of the polar behavior was explicitly built into his model via his 
assumptions of the saturation abundance; the saturation column abundance he 
uses does not relate one-to-one with surface or atmospheric temperature, and 
extends into regions of the planet that cannot be near saturation (e .g., ice 
remaining at +60-70° as late as L. = 80° and appearing at 50° latitude as early 
as L. = 140°, and extending in the southern hemisphere as far north as -10° 
latitude where the average daily temperatures stay above 200 K). 
None of the models with D = 0 succeed in producing as rapid a decline in 
the northern hemisphere vapor at the end of summer as is observed. This 
slower decline is especially evident from 40° to 70° latitude at L. ~ 150°. The 
fastest mixing times, Ta. ~:::~ 1 day, come closest to reproducing this decline, but 
these values are not physically reasonable. Atmospheric circulation in this 
region is likely to be predominantly due to baroclinic wave activity (e.g., Pollack 
et al., 1981, and others) . There is very little wave activity at this season (Hess et 
al., 1979) , however, such that a mixing time Ta. ~ 10 days is likely more 
appropriate at this season 'imd latitude. The lack of a strong circulation is also 
evidenced by the existence of spiral clouds in the polar regions which cannot 
form and maintain when circulation is active (Gierasch et al., 1979) . This 
evidence argues for a regolith sink for the vapor, which will be discussed below 
in more detail. 
Figure 45 shows the seasonal vapor behavior produced by models which 
have D = 1.0 cm2 /s. The effects of including regolith exchange are several: the 
location of the spring northern saddle point is moved earlier in time; there is a 
more rapid decline in the northern vapor abundances at the end of summer; 
and there is an increase in the amounts of vapor present during summer in the 
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Figure 45: Results or the global coupled model for (a) -r" = 2.5 and 
D = 1.0, and (b) -r" = 5.0 and D = 1.0. 
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southern hemisphere. The saddle point occurs earlier, but is difficult to place 
due to the non-uniform release of vapor from the cap. Recall that in the mid-
latitude/equatorial model, the first release of vapor at this season actually 
occurred nearer to the equator due to vapor coming from the regolith . 
The more-rapid decline in vapor seen at the end of summer is due to 
vapor beginning to enter the regolith at this season, in addition to its being 
carried back to the residual northern cap. The efiect of this regolith exchange 
is to make it appear as if the vapor moves quicker toward the equator (compare 
Figure 44 and 45 for T" = 5 days) . lt should be pointed out that the decline in 
vapor is still not as rapid as was observed. 
Figure 46 shows the seasonal variation of the total global vapor 
abundance, as observed and as predicted by the global model for T" = 2.5 days, 
D = 1.0 cm2 /s. For the model, the contribution to the global behavior of vapor 
exchanged with the regolith is also shown. Both model and data show the 
largest global abundances during northern summer. The fact that the seasonal 
amplitude of the model is less than the observations is due to the inability of 
the north polar vapor to be carried sufficiently far south toward the equator. 
This result can also be se.en in Figures 44 and 45, which show less equatorial 
vapor at the peak than is observed (Figure 35). A similar plot for the T" = 1 day 
model does have an amplitude as large as is observed; however, this value is 
unrealistically rapid for transport either via the equatorial Hadley cell or via the 
baroclinic wave activity, as discussed earlier. The model curve also shows an 
increase in global vapor during the southern winter, whereas the data show no 
such increase (although it may be partly concealed by the dust storms). 
In order to examine these difierences of the model results from the 
observations, a variety of models were calculated with non-constant properties. 
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Figure 46: (a) The seasonal variation of global water vapor abundance as 
observed by the MAWD. The values have been interpolated through the 
dust storms and a smooth line drawn. The vertical bars represent 
estimates of the worst-case uncertainties in the values. The units are 
1.26 x 1013 g; 10 pr JJ.m everywhere on the planet would result in a value 
of 134.4. (b) The same variation, as predicted by the global model with 
'7"11 = 2.5 and D = 1.0·. Also shown is the contribution to the total due to 
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These include a time-varying atmospheric mixing constant 7"11 , a latitudinal 
variation of D, and a time-varying vertical distribution of the vapor within the 
atmosphere. 
A time-dependent 7"11 was chosen to account for the variability of the 
strength of the circulation. The various circulation models (Pollack et al., 1976, 
1981; Leovy and Mintz, 1969; Moriyama and Iwashima, 1980) show that the 
strength of the equatorial Hadley cell may vary by a factor of four with season 
(see Table 7). Additionally, the more-poleward baroclinic wave activity occurs 
predominantly during the northern winter in the north, and is almost negligible 
during summer (Hess et al., 1979) . The effects of airborne dust also increase the 
circulation (Haberle et al., 1980; Table 7), with the maximum strength occurring 
during northern winter. Therefore, a time-dependent 7"11 was used, with the most 
rapid mixing occurring near L. = 270°, and less-rapid mixing at other seasons. 
The result was generally to improve the fit of the model. but only marginally. 
Part of the reason for the small effect is that the least amount of water globally 
is in the atmosphere during southern summer, so increased mixing plays only a 
small role. In the actual distribution of water there is almost no gradient of 
vapor during the southern summer (see Figure 3 or Figure 35), such that 
enhanced mixing can play only a small role in redistributing the water. 
The increase in the modeled global vapor abundance during southern 
summer results from the combined effects of water being released from the 
receding polar cap and being exchanged with the subsurface (Figure 46); no 
similar increase is actually observed. To see the effects on this increase, models 
were run that had no regolith interaction south of -20° latitude. This latitude 
was chosen because of the sharp change in the surface thermal behavior which 
occurs therl3 (Palluconi and Kieffer, 1981 ; see Figure 12). In theory, there should 
be a distinct relationship between the thermal inertia and the vapor ditrusivity 
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D , due to the dependence of both properties on the regolith particle size. In 
practice, however, the factors which determine both properties are too 
complicated to allow derivation of a simple relationship between them, and this 
simple latitudinal dependence was chosen. The result was that the increase in 
vapor abundance during southern summer was lessened considerably, as 
expected, with a corresponding increase in the correlation coefficient obtained. 
Finally, it was seen in Chapter Il.B that the vertical distribution of the 
vapor varies with both location and season; there was insufficient information, 
however, to obtain its distribution uniquely as a function of these two variables . 
When the vapor is moved closer to the ground, the surface vapor density is 
enhanced and vapor diffuses into the regolith: conversely, if the vapor is 
distributed over a larger height, more vapor will be drawn from the ground. This 
effect was discussed also in Chapter III.A, regarding the one-dimensional models 
with boundary conditions. Models incorporating this etl'ect were computed to 
see if surface enhancement of the vapor could cause the vapor to re-enter the 
regolith in the northern hemisphere at the end of summer such that the decline 
in atmospheric vapor would be as fast as was observed. Results at one latitude 
are shown in Figure 47, and indicate the large effect that a variable vertical 
distribution of the vapor can produce. Models incorporating this enhancement 
of the surface vapor density also show a better fit to the data, as measured by 
the correlation coefficient. Interestingly, this etl'ect serves to increase the 
importance of the regolith in the seasonal cycle: by pumping more water into 
the ground at one season, more is available to come out the next year. In fact, 
these models also indicate the caution with which the other models should be 
treated: Any seasonal variation of the vertical distribution of the vapor will 
atl'ect the exchange of vapor between the atmosphere and regolith, possibly 
significantly. 
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Figure 47: Seasonal behavior of vapor at latitude +55°. (a) Smooth line 
through the observations (see Figure 35). (b) Modeled behavior, 7"11 = 5.0, 
D = 1.0. (c) Same as (b), except that the surface concentration of vapor 
is increased by a factor of two near day 300 to drive the vapor more 
rapidly back into the regolith. (d) Same as (b) , except that surface 
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Now that all of the models have been presented, it is appropriate to 
discuss whether the differences between them are significant, and what values of 
the parameters 1 11 and D are likely to be appropriate . Those models with non-
constant properties all fit the data better than those without, as measured by 
the correlation, a. Comparison of the results of the models in Figures 44 and 
45, however, indicates that the more-complex models may not fit the data 
significantly better than the simplest ones (with D = 0). Therefore, comparison . 
of the results of the models with D = 0 (Figure 44) with the observations (Figure 
35) can provide interesting limits . Of the models shown in Figure 44, that with 
1 11 = 2.5 days is the best fit, that with 1 11 = 5 yields a noticeably worse fit , and 
that with 1 11 = 10 is a considerably poorer fit . The correlation coefficients 
obtained are a= 0.92, a= 0.90, and a= 0.87, respectively. For the case D = 0, 
then, models with a< 0.90 can be ruled out. It is reasonable that this result will 
hold in general. for any D. Figure 43 shows that the constraint a> 0.90 does 
not eliminate many models; examination of Figures 44 and 45 again 
substantiates this, in that few of the models appear to be significantly better or 
worse than the rest in reproducing the observations. 
The relative importance of each process is shown in Figure 48 for a 
variety of different models calculated. Shown is the fractional contribution of 
each process to the variation of global atmospheric vapor at the time of the 
spring rise of vapor in the north. The contribution from the regolith is the 
amount of water desorbed from the subsurface and diffused into the 
atmosphere; of course, this contribution is zero when D = 0. The contribution 
from the seasonal polar cap is a measure of the amount of water held in that 
reservoir and released on retreat of the cap. That from the residual cap is the 
amount of water released from the northernmost 10° latitude band, and 
includes water deposited onto that region the previous season as well as new 
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Figure 48: The relative importance of the regolith and the seasonal and 
residual polar caps in the global spring vapor behavior, expressed as a 
fraction of the total sum variation, as obtained in the global models for 
various parameter values. HAT indicates whether the regolith south of 
-20° has the same vapor difiusivity as elsewhere (N) or zero difiusivity 
(Y). SYE indicates whether the near-surface vapor concentration is 
enhanced near day 300, and the amount by which it increases (0 = no 
enhancement, 1 = doubled, 2 =tripled) . 
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water sublimed for the first time. There is a rough trade-ofi between water 
supplied from the regolith and from the seasonal cap, with the contribution 
from the residual cap remaining roughly constant at about half. From the data 
(Figure 6) , the contribution due to the residual cap is seen to be no greater than 
about 40% of the total variability (as indicated by the fractional increase in 
global abundance after the residual cap is exposed at L. ~ 80°) . 
For the best estimate of the range of parameters, 3 ~ 'T11 ~ 6 days and 
0.3 ~ D ~ 1.0 cm2 /s, the contribution from the regolith is between 10 and 30% 
of the total variation. Complications to the models, such as enhancement of the 
surface vapor abundance at certain seasons, can boost this amount to almost 
50% of the total. In all of the models , the amount of water present as frost in 
the seasonal polar caps can be significant, always being capable of supplying 
greater than 10% of the total water in the budget: this result is entirely 
consistent with the observations of water ice spectral features from the 
seasonal caps, as discussed in Chapter JJ.D. 
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5. Discussion 
Because none of the models discussed in this section are capable of 
exactly reproducing the observations, it is apparent that not all of the relevant 
physics has been included. Deficiencies are probably present in several aspects 
of the models . The use of a simple diffusive-type mixing model is an obvious 
oversimplification. In reality, the strength of the meridional circulation will not 
be constant but will be a function of both latitude and season; in fact, the actual 
transport of vapor will be governed by a superposition of the three-dimensional 
distribution of vapor in the atmosphere with the global wind field, and will not in 
general be as simple as described. 
The regolith must also be more complicated than was assumed here. Not 
only will the dit!usivity D vary from place to place on the planet, but so might 
the subsurface composition or the degree of surface coverage by rocks (which 
can impede exchange of water). The surface thermal inertia varies by a factor 
of twenty from place to place as measured on a scale of tens of kilometers; 
smaller-scale variations undoubtedly occur. These variations most likely map in 
a complex yet unknown way into variations in the other properties also . 
The polar cap behavior is also more complicated than discussed here. 
Certainly the factors controlling the behavior of the C02 part of the caps are 
only now beginning to be unraveled (Paige, 1981, 1982). That interaction of the 
atmospheric vapor with the polar caps will occur has been previously realized by 
Leighton and Murray (1966) and Leovy (1973). The details governing this 
interaction are poorly understood, especially regarding the formation of ice or 
clathrate mixed in with the C02 frost or the stability of the resulting frosts 
under Martian conditions. Such a basic phenomenon as the existence and 
radiative effects of a polar hood are only poorly known (Briggs and Leovy, 1974; 
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Christensen and Zurek, 1982). All of these uncertainties will affect the models 
discussed here. 
Despite the large degree of simplification which went into the basic 
models, it is apparent that these simple models can explain the gross features 
of the seasonal vapor behavior, and that a number of results can be discussed 
with confidence. It is very revealing that the atmospheric mixing times {;11 ) 
which yield the best fit of the models to the data are within the range of values 
predicted based on both theory and observations; this correspondence indicates 
both the importance of transport of vapor in the seasonal water cycle and that 
the simple mixing model actually does account for a large fraction of the 
transport which occurs. There is thus no need to invoke significant transport of 
water in non-vapor states to explain the observations. 
The importance of exchange of water between the atmosphere and the 
regolith is indicated in several ways. Given the possible range in the difiusion 
constant, 0.1 ~ D ~ 5 .0 cm2 /s, it was seen that exchange must occur. D would 
have to be significantly less than 0.1 to result in insignificant interaction 
seasonally. Given the nature of the Martian surface, larger values are more 
likely (as discussed in Chapter III.A) . 
Given the best estimate of the properties of the atmosphere and regolith, 
0.3 ~ D ~ 1.0 cm2 /s , it follows that both the regolith and the polar caps are 
important in the seasonal cycle. In the region between the polar caps, the 
regolith then accounts · for roughly half of the vapor variability, while transport 
from the polar regions accounts for the remainder. Globally, the regolith 
supplies 10-40% of the seasonal water, the residual cap about 40%, and the 
seasonal caps the remainder. 
It is difficult to separate the effects on the water cycle of the polar caps 
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and the regolith or to more uniquely determine their relative importance. The 
difficulty arises because both processes act, to first order, in the same 
directions , producing the largest amounts of vapor during the local summer and 
the least during the winter. This is because the sublimation of ice and the 
desorption of water are both thermally-driven processes, with higher 
temperatures resulting in greater atmospheric vapor abundances: the changing 
temperatures with season thus act in the same direction for both processes. 
Despite the fact that the regolith contributes a large amount of the 
seasonal water, it is apparent that it is the behavior of the two polar caps which 
controls the seasonal cycle. This results from their control of the total amount 
of water in the atmosphere. For example, if the north residual cap never 
supplied water seasonally and acted as a perennial sink for water (as the south 
residual cap appears to do often), the atmosphere would rapidly be depleted of 
water as frost condensed out at the poles . With the north cap supplying water 
and the south cap removing it each year, a gradient of vapor from north to 
south is set up (see Chapter II.A) . The amount of water in the regolith adjusts 
itself to be in equilibrium with the average amount of water in the atmosphere, 
and it is the seasonal variation superimposed on this average amount that the 
regolith and seasonal caps supply. The time that the regolith takes to respond 
to a change in imposed atmospheric vapor abundance is only a few years, at 
least insofar as afiecting the seasonal exchange of water. This result can be 
seen in Figure 42, which shows that after several years, the tlux of water from 
deeper layers is sufficiently small ( < 1 pr J.Lm/year) that the seasonal cycle will 
not be affected. On a longer timescale, any changes in the albedo or 
temperature of the polar cap which can affect the amounts of water sublimed 
off of the residual cap seasonally will modify the latitudinal gradient of vapo:-:-: 
the regolith will respond locally, taking up or giving off enough water to again be 
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in equilibrium with the atmospheric abundances. 
Thus, on the obliquity timescale, the changing insolation at the polar 
caps (e.g., Murray et al., 1973: Ward, 1974) will modify their temperatures and 
hence the amount of vapor in equilibrium over the cap. Atmospheric transport 
will mix the vapor between the polar caps to set up a gradient of water, and the 
regolith ·will respond in order to be in equilibrium with the atmosphere. The 
timescales for all of these processes support the interpretation : The 
equilibrium between the polar cap and the local atmosphere is established quite 
rapidly, probably with a timescale on the order of several days; this quickness is 
due to the rapidity with which ice can sublime off of the surface to fill the 
available holding capacity (see Ingersoll, 1970; Farmer, 1976; Toon et al., 1960). 
Given the atmospheric mixing times derived earlier, the timescale for setting up 
a latitudinal gradient of vapor in response to the polar vapor abundances is 
probably on the order of one to several years . Similarly, the timescale for the 
water in the regolith to equilibrate with the vapor in the atmosphere above it is 
less than several years (for equilibration down to a depth that is still capable of 
communicating with the atmosphere seasonally). Equilibration to deeper layers 
will take longer, but the effects near the surface or on the atmosphere will be 
very small on a seasonal basis . Because the insolation changes with a much 
longer timescale, the polar caps will be in equilibrium with the insolation, the 
global atmosphere will be in equilibrium with the polar caps, and the regolith 





It is appropriate at this point to summarize the major conclusions 
reached regarding the seasonal behavior of water vapor in the Mars atmosphere 
and to discuss further work which could substantiate these conclusions or allow 
further progress to be made in understanding the Mars water cycle. 
Water vapor in the Mars atmosphere has been continuously mapped 
spatially and temporally for a period of more than one and one-half Mars years 
by the Viking Orbiter MAWD instruments. The column abundance varies spatially 
and seasonally, with up to about 100 pr J,Lm over the summer north polar cap 
and down to essentially zero during the polar winter. The total vapor content of 
the atmosphere varies with season from an equivalent of about 1 to 2 km3 of ice, 
with each hemisphere having its maximum abundance during the local summer 
season. 
There is a notable asymmetry in the water behavior with respect to 
latitude, with the northern hemisphere containing up to twice as much vapor as 
the southern. This vapor gradient implies a net annual tlow of vapor toward the 
south, at least during the year observed by Viking. The degree to which this 
northward tlow may by balanced by tlow toward the north resulting from and 
coincident in time with the global dust storms, when the vapor gradient may be 
tilted slightly in the other direction, is unknown, as is the effect of water 
transport in the form of clouds, adsorbed onto airborne dust grains, or during 
other years. 
As northern summer approaches, vapor appears first in the region of 
+20° to +40° latitude. This fact is consistent with the regolith being a seasonal 
source of vapor (either from subsurface ice or adsorbed water) but not with the 
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receding seasonal polar cap being the principal source of water at low latitudes. 
After the peak of summer, the vapor abundances throughout the northern 
hemisphere decline too early to allow incorporation into the seasonal polar cap. 
suggesting that the sink is either the residual cap or the regolith. Because of 
the ditfl.culty in transporting this vapor back to the residual cap sufficiently 
rapidly, much of it is probably exchanging with the regolith. 
When the water vapor abundances are averaged over a Mars year, it is 
apparent that topography plays a large role in determining the spatial 
variability. The lowest places generally have the most vapor, while the highest 
have the least. While it helps in qualitatively understanding this type of 
behavior, the concept of a uniform mixing ratio throughout the whole 
atmosphere appears to be an over-simplification. If the effect of airmass is 
divided out, the remaining map of annual average abundance correlates with 
maps of either surface thermal inertia or bolometric albedo. High vapor 
abundances are associated with regions of low inertia and high albedo. This 
behavior can be understood as possibly arising from: 1) the effects of surface 
and subsurface temperatures on the adsorption, desorption, and diffusion of 
water vapor; or 2) the control exerted by surface reflectance and emission on 
the atmospheric vapor holding capacity via the atmospheric temperatures. 
Comparison of the observations of water vapor made by the Viking MAWD 
with those made by the Mariner 9 IRIS and by Earth-based spectroscopists over 
the last twenty years shows a remarkable repeatability of the vapor cycle. The 
southern hemisphere summer of 1969 is the most notable exception, showing 
large vapor abundances similar to those seen during the northern summer 
season. A possible explanation is that this excess water sublimed off of the 
south residual cap; this would require the C02 frost (which was present 
throughout the summer during the Viking year) to sublime away first such that 
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the cap temperature were no longer butfered near 150 K, and could result from 
an increased radiative load on the cap due to a different degree of dust storm 
activity that year. 
During the year observed by Viking, the strong latitudinal gradient of 
water and the existence of a cold trap at the south pole both imply a net 
transport of vapor toward the south and growth of the south cap. During years 
in which the C02 on the south cap disappears, large atmospheric vapor 
abundances will occur over the southern residual water ice cap; this will balance 
out, at least in part, the vapor gradient and possibly result in a net northward 
tlow of vapor that year. An important, yet unanswered, question is whether this 
(possible) northward tlow of vapor is less than, equal to, or greater than the 
southward tlow seen during the Viking seasons, and whether the north water ice 
cap is thereby shrinking or growing on a net basis during the current epoch. 
The amount of vapor transported south during the Viking year is, however, 
entirely consistent with current theories regarding the formation and evolution 
of the polar layered terrain. The individual layers are believed to form one per 
obliquity cycle; the amount of water transported south in this time, at the rate 
inferred from the VIking data, is comparable to the amount of water which 
would be needed for formation of a single layer in that time. 
Additional constraints on the water cycle can be obtained from infrared 
spectroscopy of the seasonal polar caps. Results indicate the presence of water 
frost on the surface, in some fashion mixed in with the C02 frost. There is no 
firm evidence, however, for significant quantities of ice lasting throughout the 
day in more-equatorial regions. 
The vertical distribution of the vapor within the atmosphere can be 
obtained by comparison of the vapor abundances with the atmospheric 
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temperatures. The results generally indicate that the vapor is confined to a 
region of one to three scale heights extent. This height varies both as a function 
of latitude and of season, and can provide an important constraint on global 
models of regolith exchange . This distribution of vapor implies near-surface 
saturation at night and the formation of night and morning fogs at most 
locations and most seasons. 
Observations of the Martian surface and atmosphere indicate the nearly 
ubiquitous presence of particulate material of size greater than 1 J..Lm. A 
regolith of this material is capable of adsorbing large amounts of water onto the 
individual grains and of exchanging an amount seasonally which is significant 
with respect to the amount of vapor present in the atmosphere. This process 
must. in fact , be going on to some degree. 
Models of the seasonal exchange of water with the regolith and the 
meridional transport allow estimates to be made of the relative importance of 
these processes. A model of the mid-latitude/equatorial region indicates that 
the regolith supplies roughly the same amount of water seasonally as does 
transport in from the more-poleward regions . A global model which also 
includes exchange of water with the seasonal and residual polar caps indicates 
that regolith exchange accounts for 10-40% of the global variation, while the 
north residual cap supplies about 40% of the water and the seasonal caps supply 
the remainder. These results could change significantly if the atmosphere is 
sufficiently diabolical in terms of the seasonal and spatial variability of the 
vertical distribution of vapor within the atmosphere or of the degree of 
correlation of the vapor distribution with the general circulation patterns. 
The difficulty in reaching conclusions regarding the relative importance 
of those processes which may be responsible for controlling the vapor cycle, and 
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the large uncertainty inherent in those conclusions reached, lies in the fact that 
the two processes which may be of the most importance act in nearly the same 
direction. Exchange of water with the regolith and with the polar caps result, 
both separately and in tandem, in the largest vapor abundances being present 
during local summer and the least during winter. Thus, simple models of the 
major processes will not uniquely indicate the degree to which each may be 
responsible. It is then the more-subtle features of the models or the data, or 
the other observations relevant to the nature of the Mars surface, which may be 
called upon to determine the relative importance of each process. 
The latitudinal gradient of water in the atmosphere implies a similar 
gradient in subsurface reservoirs of adsorbed water, in order for the 
atmosphere and regolith to be in equilibrium. The two will be in equilibrium due 
to the relative timescales for equilibration between the regolith and the local 
atmosphere, the atmosphere and the polar caps , and the caps and the 
insolation. It is because of the relative timescales that the polar caps generally 
control the global behavior of vapor, with the regolith and seasonal caps 
responding and adding a superposed seasonal variability. On longer timescales, 
such as the 10:5-year obliq~ity timescale, it is again the polar caps which will 
control the behavior, with the atmosphere and the regolith responding 
appropriately. 
Recalling the uncertainties in the conclusions reached here, it is of 
interest to examine the possibilities for further research which may arise over 
the next decade or so and which can help solve some of the ambiguities 
discussed here. Additional research will take the form of either new models or 
new observational constraints. 
In terms of modeling, the most profitable venture might be to examine 
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the transport of vapor which would occur given the actual circulation patterns. 
A global circulation model like that of Pollack et al. (1981) or Haberle et al. 
(1980) would more-definitively answer the questions regarding the role played by 
transport of vapor or by the residual or seasonal polar caps. If such a model 
could then be coupled to a model of regolith exchange, like that discussed in 
Chapter III, the relative importance of the various cycles could be determined 
more precisely than was possible here . Models of the polar caps, like those being 
developed by Paige (1982) , will also play an important role in understanding the 
water behavior on the seasonal and on longer timescales . 
Analysis of existing data can also provide more clues as to the nature of 
the water cycle. Data on the distribution of clouds in the Mars atmosphere exist 
based on Viking and Mariner imagery (French et al., 1981; Kahn and Gierasch, 
1982) and on Viking thermal mapping (Christensen and Zurek, 1982). 
Comparison of these data sets with the vapor observations and the inferred 
vertical distribution of vapor will a id considerably in understanding the role of 
condensates in the water cycle. Additionally, observations from the remaining 
Viking lander continue, and may aid in understanding the relationship between 
the vapor and the occurrence of dust storms or airborne or surface 
condensates. 
Earth-based observations of Mars are still of continuing interest. 
Perhaps the most important would be to continue global or spatially-resolved 
observations of atmospheric vapor during the Martian southern summer season. 
This would allow possible confirmation of the 1969 type of southern behavior 
and would aid in understanding the activity of the south seasonal and residual 
caps. Observations of near-infrared spectra of the polar regions will a id in 
·~onstraining the amounts of water ice present on or in the seasonal polar caps; 
the variability of water ice spectral features with latitude or with season would 
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be ~'1 important observation. 
There has been much discussion lately regarding a future spacecraft 
mission to Mars to study its climate over the course of a Mars year. Several 
different observations would aid considerably in understanding the seasonal 
water cycle. Additional observations of the vapor column abundance, especially 
during the southern summer season, would add to the data set from Viking. 
Three-dimensional mapping would be of the most interest, however. Knowledge 
of the vertical distribution of vapor and its variability with location and season 
would prove invaluable as a constraint for models of the exchange of water with 
the regolith and with the polar caps. Being able to correlate the vapor 
abundances with the actual wind fields would provide similar boundary 
conditions for models of atmospheric transport. These few (!) pieces of data 
could provide conclusive answers regarding the relative importance of each 
process. Additional significant information would be obtained by spatially 
mapping the polar cap frosts with a near-infrared spectrometer, and by 
observing the seasonal cycles of dust and of C02 to see how they interact with 
each other and with the vapor. It would also be very informative if the locations 
of subsurface reservoirs (in the top meter or so) of adsorbed water or ice could 
be mapped over the planet, but the utility of this would be most apparent if it 
could be mapped with sufficient precision to look for seasonal variations in the 
subsurface water content and thus provide information on the seasonally-
accessible reservoirs . 
Adding the results of any one or more of the above-suggested lines of 
research would aid immensely in understanding the seasonal water cycle on 
Mars . This will then feed back immediately into a further understanding of the 
long-term behavior of and possib~e changes in the Mars climate, and in 
understanding the abundance and distribution of volatiles on Mars . 
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Considerable implications also exist for the Earth's climatic history, as many of 
the processes extant are similar, differing only in degree . 
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Better is the end of a thing than the beginning thereof. 
-Ecclesiastes 7:8 
The world is round and the place which may seem like the end 
may also be only the beginning. 
-Ivy Baker Priest 
